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ABSTRACT

RESPONSE OF THE RAT OVARY TO CONTINUOUS LIGHT:

EFFECTS OF

LIGHT FREQUENCY, INTENSITY AND DURATION OF EXPOSURE
by
HELEN HAYNES LAMBERT

Photoperiodic phenomena among animals are reviewed;
the persistent-estrous response of the female rat to con
tinuous light exposure is described and possible neuro
endocrine mechanisms in its development are discussed.

The

question of the receptors responsible for photosexual effects
is explored and an experiment proposed to delineate the action
spectrum of these effects in the female rat.
Rats exposed to continuous white light at an intensity
of 200 microwatts/cm

2

for 8 or 30 weeks experienced a signi

ficant advancement in the age of puberty (as evidenced by
vaginal introitus), significantly prolonged periods of
vaginal estrus, and a significant reduction in ovarian weight,
compared to rats exposed to 12 hours per day of the same
intensity.
2

At an intensity of 100 microwatts/cm , 8 weeks of
continuous white light also produced a significant accelera
tion of sexual maturity and a significant prolongation of
vaginal estrus, as compared to animals receiving 12 hours per
vii

day of the same intensity.

By contrast, 100 microwatts/cm

2

of red or green light did not consistently advance puberty,
nor did either induce a significant increase in vaginal
cornification at 8 weeks of exposure, although some prolonga
tion was observed.

At this lower intensity, after 15 weeks

of exposure, both red and green continuous light brought
about significant increases in estrus, but neither was so
effective in this respect as was continuous white light of
the same intensity, which by 15 weeks induced an almost con
tinuously estrous state.

At 8 weeks of exposure, no signifi

cant decreases in ovarian weight were found for continuous
2
white, green or red light at intensities of 100 microwatts/cm .

But by 15 weeks of exposure, all three continuously lighted
groups underwent a significant reduction in ovarian weight
as compared to rats under 12 hours of white light at 100
microwatts/cm

2

even after adjustment for differences in body

weight among the groups.

Again continuous white light was

much more effective than continuous red or green, but red and
green effects were not significantly different for advancing
maturity, inducing estrus or reducing ovarian weight.
Possible explanations for these results are discussed.
Measurements of the penetration from the three light sources
into various parts of the -at brain in vivo were made with
a small photovoltaic cell; a larger percentage of red light
than of green or white was found to penetrate to the brain.
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SECTION I

INTRODUCTION
1.

Historical Background
A.

Photoperiodism

The survival of a species in a non-uniform environ
ment requires mechanisms which permit the organism, when
necessary, to adjust its most essential biological functions
to changes in the surroundings.

A great selective advantage

is conferred by the ability to utilize information available
in the environment to tell "what time it is", and to antici
pate periodic changes with the appropriate adjustments.
Daily and seasonal variations in natural lighting furnish a
reliable timepiece for living things to thus synchronize and
schedule their activities.
The diurnal alternation between light and dark, for
many organisms, serves to synchronize an internal "biological
clock", which has a free-running period of approximately 24
hours under constant lighting conditions.

Such "circadian"

rhythms have been demonstrated for a variety of life functions
and in many living forms.

A few examples are luminescence in

the marine dinoflagellate Gonyaulax polyhedra (204), leaf
movements in the bean plant Phaseolus multiflora (72, 74, 100)
and adrenal gland secretions, body temperature and liver
glycogen content in the laboratory mouse and in

man

(11, 145, 190, 191, 237, 353)- There are many indications

that the capacity for circadian time-keeping is intracellular
(229, 342, 357), and a vast literature deals with the physico
chemical basis for these "endogenous self-sustaining oscilla
tions" (306) and with their relation to environmental rhythms,
as well as other problems of the fascinating field of biochronometry.

Within limits the more or less inherent circadian

rhythms of organisms can often be entrained or synchronized
to environmental illumination cycles, enabling the organism
to stay in phase with its surroundings.

Aschoff (8) has

coined the term Zeitgeber for the function of photoperiod in
such situations; in many instances light is the dominant
synchronizer of the basic circadian rhythm.
Related to endogenous circadian cycles and their
synchronization

to daily-light-dark cycles is the phenomenon

of photoperiodism, the control of plant and animal activities
by the seasonal variation in day length.

Annual changes in

natural photoperiod can serve as an extremely accurate
calendar for scheduling periodic biological activities at a
propitious time of year.

The flowering of ragweed and the

nesting of sparrows and juncos are conspicuous springtime
phenomena prompted by the increasing length of the solar day.
It seems plausible that such annual photoperiodic responses
involve the same "timepiece" as persistent circadian rhythms,
as was first suggested by Bunning (71).

According to the

Bunning hypothesis, calendar time measurement may be
accomplished by comparison of the internal rhythm or
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endodiurnal oscillation with the external, seasonally
variable rhythm of photoperiodic clues.

If the external and

internal rhythms are out of phase, a "stress of entrainment" (74)
results; if they are in phase, a reinforcement or "beat"
phenomenon occurs.

Either phase relation might drive a

photoperiodic response.

A considerable debate (12, 72, 73,

139, 196, 306) has emerged over the relative importance of
endogenous diurnal cycles in determining seasonal photoperiodic
responses, a question which is complicated by the apparent
existence, at least in some birds and mammals, of an endo
genous quasi-annual or "circennial" clock as well, which may
persist independently of photoperiodic regulation (139, 140).
A variety of animal functions are more or less in
fluenced by photoperiod:

the migration of fish (15, 293),

diapause and polymorphism in insects and mites (251, 252, 299,
348), molt and pelage in the varying hare (264) and some
mustelids (54, 193).

But undoubtedly the most prominent

photoperiodically regulated functions are reproductive.
Among vertebrates, the breeding of many species is affected
to some extent by seasonal changes in day length, with other
factors contributing to the timing of reproductive activity.
Particularly among poikilotherms, temperature assumes a major
influence, but photoperiod has been shown to be a signifi
cant factor for several species of fishes (15, 199) and some
lizards (24, 164).
Photoperiodic control of annual reproductive cycles
is most highly developed among birds, especially temperate-zone
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migrants.

Rowan's (331) pioneering studies on the Slate-

colored Junco showed that exposure to long artificial photo
periods in the fall and winter caused the testes of this
species to recrudesce from a dormant state.

This finding

was later confirmed by other workers for many other bird
species (55, 76, 136, 138, 3 78) and shown to be a direct
effect of light and not a secondary result of increased
activity (51).
Experimental lighting exposure has demonstrated that
in many photoperiod-sensitive birds, there is an optimum
long daily photoperiod for testicular stimulation; longer
periods have no additional effect.

The light exposure need

not be uninterrupted to be effective (138, 378); in fact a
dark period may be necessary (32).

Prolonged exposure to

natural or artificial long days results in a refractory state,
in which the bird is insensitive to continued illumination.
This unresponsive condition is terminated after exposure to
short photoperiods, such as occur in nature in the fall.
The rate of gonadal growth is also a positive function of the
intensity of light used, above a fairly low threshold up to a
maximum intensity which varies with species (23, 50, 135, 235).
The relative importance of photoperiod in controlling
testicular cycles varies even among bird species.

The White-

crowned Sparrow, Zonotrichia leucophrys gambelii. is an
"obligate" photoperiodic species; testicular development does
not occur at all under short artificial photoperiods (138,
141).

At the other extreme are the Short-tailed Shearwater
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Puffinus tenuirostris (270) and the Weaverfinch Quelea
quelea (261), for which light merely functions as a quite
dispensable frequency monitor for a marked endogenous
circennial periodicity of reproduction.

Probably most tropi

cal non-migratory birds fall in the latter category (269),
and domestic birds such as the duck (38, 39) appear to be
intermediate.
Photosexual responses in male birds have been more
thoroughly investigated than in females, but many experiments
on domestic species (1, 78, 163, 3 74) have indicated that the
ovarian cycle can also be influenced by photoperiod, although
behavioral and other stimuli are often of greater importance
than in males.
The physiological mechanisms of photoperiodic stimula
tion in birds have been extensively studied.

In the domestic

duck, testicular stimulation by light can be prevented by
lesions in the supraoptic or paraventricular nuclei of the
hypothalamus, or along the neurosecretory tracts from these
nuclei to the median eminence, or by permanent interruption of
the hypophysial portal system connecting the median eminence
to the adenohypophysis (32, 33).

In the White-crowned and

White-throated Sparrows, photo-activation of the testes is
accompanied by increased phosphatase activity and depleted
neurosecretory material in the supraoptic nucleus and median
eminence (13 7, 142, 295, 379).

From these and other studies

(162, 375), it seems that light, acting through the nervous
system, stimulates hypothalamic center(s) to greater secretion
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of neurohormones which in turn control anterior pituitary
secretion of gonadotropic hormones.
Similar hypothalamo-hypophysial mechanisms have been
implicated for some mammals whose reproductive season is
influenced by photoperiod (112, 208, 302).

However, there

appear to be no mammals for which photoperiodic control is as
"obligate" as in Zonotrichia among the birds.

For the mammals

which have been studied, light merely provides a Zeitqeber
for events which would occur eventually anyway, according to
an endogenous circennial timer (9, 125), and are often modi
fied by other environmental factors as well.
Among domestic mammals, some photoperiod-sensitive
species, such as the horse (77), are brought into reproductive
readiness by long photoperiods, while others, such as sheep
and goats (57, 123, 186, 202, 271, 296) respond similarly to
short days.

Still others, such as cattle and pigs (29 7), do

not seem to be consistently affected by photoperiod.

Consider

able study has been devoted to increasing fertility in
domestic animals by artificial lighting, with variable results
(118, 281, 296, 360, 368).

Apparently domestication has had

an eroding effect on photoperiodic controls in some species,
if such controls ever existed.
Similarly among primates there is little indication
that photoperiod exerts a major influence on reproduction.

A

study of the rhesus monkey menstrual cycle (12 7) showed no
alteration with long-day exposure.

In the human female, how

ever, one investigator (102) claims to have entrained
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ovulation by illumination of the subjects during the night
hours, and suggests such a procedure may offer a new "rhythm"
method of birth control.

Another study reported significant

alteration in the human male 17-ketosteroid excretion pattern
under continuous white, red or blue light (216).
In non-domestic, seasonally breeding mammals, photo
periodic control of reproduction persists with greater
efficacy.

Light-induced alterations in breeding have been

demonstrated in the raccoon Procyon lotor (58), and the mink
Mustela vison (192).

Undoubtedly the most extensively

investigated photoperiodic phenomenon among nondomestic
mammals has been the control of estrus in the ferret, Putorius
vulgaris.

This mustelid, a long-day mammal, normally mates

in spring, but reproductive readiness can be accelerated in
both sexes by exposure to long photoperiods in winter (53).
This acceleration requires the retina (361) and intact optic
nerves (56).

However, even blinded ferrets will come into

estrus, although often later than usual (362, 363), suggest
ing an endogenous rhythm.
For the ferret, the dark period is important as well
as the light (193, 195, 203); continuous illumination is less
effective in accelerating estrus than 14 to 16 hours of light
per day (194).

Long-day stimulation in summer or autumn in

hibits the development of estrus, sometimes for years (110,
111), suggesting a seasonal variation in sensitivity similar
to the late-summer refractory period in birds.

Studies on

intensity have been equivocal (195, 272, 276), but the level

of illumination appears to be much less important than its
duration.
The neuroendocrine mechanisms of estrus induction by
light in the ferret are, at least in many respects, similar
to those for testicular activation in birds.

Section of the

pituitary stalk, including permanent interruption of the
adenohypophysial portal system, prevents the photoperiodic
response, as does hypophysectomy or blinding (56, 112).
Hypothalamic lesions can induce estrus in the ferret in mid
winter (114), indicating that the endogenous timer, as well
as the photoperiodic response, involves this part of the brain.
The nervous connections from the eye involved in the response
are less well understood; the classical visual pathways do
not appear to be involved (82).

Several workers have found

that removal of the superior cervical ganglia of the sympa
thetic chain interferes with photoperiodically induced
estrus (2, 113) in the ferret.

More recently it has been

demonstrated that this effect of sympathectomy is not a result
of the reduced light reaching the retina because of the
ptosis which follows this surgery (275).

With the apparent

involvement of the sympathetic nervous system in photosexual
responses, the nervous pathway from retina to hypothalamus
in the ferret becomes even more elusive.
Among seasonally breeding rodents, some degree of
photoperiodic control has been shown to exist in Peromyscus
leucopus (372), Microtus aqrestis (17, 83) and Microtus
arvalis (277, 360).

More interesting from an evolutionary

standpoint is the influence of lighting conditions on sexual
function in several polyestrous rodents which have a contin
uous reproductive season, at least in the laboratory.

The

rhythm of diurnal lighting is important in the control of
ovulation and the estrous cycle in mice (63, 184, 224),
hamsters (5) and rats (66, 132, 133, 206, 260).

Exposure to

continuous illumination accelerates sexual maturation in the
female rat (148, 220, 263), while housing in constant dark
ness or blinding retards maturity (147, 364).

Prolonged

constant light induces persistent vaginal estrus in female
rats (66, 101, 148, 206, 220) and hamsters (234), but not in
mice (59, 184, 223), while constant darkness has been various
ly reported to have no effect on the estrous cycle (66) and to
result in a lengthening of diestrous periods (148, 220) in
the rat.

Long photoperiods alone will not bring about a

persistent estrous state; rats kept outdoors during summer
have normal estrous cycles (66).

The physiological mechanisms

controlling gonadal function are profoundly affected by
light even in these laboratory species; in extreme conditions
such as continuous light or dark, photic influences can be
more powerful than is implied by their normal role for
mammals as a synchronizer of reproductive function.
B.

Light Estrus in the Rat

Since persistent vaginal estrus induced by continuous
illumination was first described in the rat (66, 206), it has
been the subject of many investigations.

It is of interest

partly because it furnishes a classic, if extreme, example
of neuroendocrine response to an environmental stimulus wellknown to be a dominant synchronizer of physiological cycles.
However, much of the experimental work on "light estrus" has
also been fruitful in terms of understanding, through study
of this pathological condition, the mechanisms involved in
the control of pituitary-ovarian function in the normal cyclic
rat.
Typically, the female rat exposed to continuous
illumination from birth or weaning matures early, has a few
regular estrous cycles, and then exhibits irregular and longer
cycles, with increasing periods of vaginal cornification and
behavioral estrus, and after long exposure to light enters a
stage of more or less constant estrus (66, 148, 206).

In

Fiske's original study (148) she found the pituitaries of
such rats, even when castrated, had a higher folliclestimulating hormone (FSH) activity, but a lower luteinizinghormone (in the rat, more properly, ovulating hormone, or OH)
activity, than the pituitaries of rats housed in constant
darkness.

Light's effect on gonadotropin content was corre

lated with histological changes in the pituitary (308) and
with marked stimulation of the ovaries (308) and reproductive
tract in light-exposed animals, quite similar to the changes
seen with photoperiodic stimulation of seasonally breeding
mammals.

In the early stages of constant light exposure, the

ovaries are large, with both follicles and corpora lutea, but
after many months of light, the ovaries become nearly atrophic
small, follicular, often cystic and devoid of corpora lutea
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(148, 308, 364).

At the same time the pituitary content of

FSH becomes reduced (148).
These first studies of light estrus implied that
light, presumably acting through the nervous system, stimu
lates the pituitary's synthesis and/or release of FSH, but
inhibits that of OH.

This conclusion has been borne out by

more recent studies of pituitary gonadotropic hormone content
using newer bioassay procedures.

Although there is some

variation (probably due to differences in intensity and length
of exposure (248, 260) and in age and strain of rats used
(128)) the FSH content of pituitaries in rats exposed to con
stant light is consistently found to be as high as, or higher
than, that of rats under normal light-dark alternation, while
the OH content under light is lower than the estrous values
of cyclic rats (64, 247, 268, 303, 346).
In the first weeks of continuous light exposure, the
inhibition of OH is not sufficient to prevent ovulation; in
fact OH may initially be elevated (248).

But in time the

cyclic surge of OH release needed for follicular rupture
(340, 341) is somehow blocked by light.

The appearance of

the ovaries at this time, with large follicles and normal
interstitial tissue (165, 166) indicates that at least some
OH, as well as large amounts of FSH, is being released by the
pituitary, although apparently not enough to trigger ovula
tion.

Vesicular follicles of ovulatory size are definitely

present, although some metabolic studies indicate that the
hyperplastic or cystic follicles are not functionally the same
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as normal preovulatory follicles (65, 371).

Persistent

estrus rats can be induced to ovulate by injection of human
chorionic gonadotropin or progesterone (346) or by neural
stimuli such as coitus (101, 222), progesterone treatment can
also increase the OH content of the light-treated rat's
pituitary (268).
Some OH secretion is thought to be necessary for the
production of estrogen by the follicles (146, 182) which is
certainly occurring in rats with persistent vaginal cornification.

The high estrogen levels evidently produced by the

light-treated ovaries would be expected to inhibit the
secretion of FSH by the anterior pituitary, probably via the
hypothalamus (158,161).

Such a negative feedback might

explain the eventual atrophic state of the ovaries in lighttreated rats, but does not explain the persistence of FSH
secretion for many weeks in the face of high estrogen titers.
Related to feedback are the apparently contradictory findings
that (1) compensatory ovarian hypertrophy after unilateral
castration is lessened under continuous light (91) but (2)
bilateral castration causes an increase in pituitary FSH and
OH which is not altered by continuous light exposure (346).
Clearly the alterations that continuous light brings about in
the steroid-gonadotropin feedback system are complex.
Jochle (222) has suggested that light acts on the
neuroendocrine system by raising the hypothalamic threshold
to steroid feedback, perhaps by abolishing a rhythm of
sensitivity normally present in females but not in males, and
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instituting an acyclic male pattern of gonadotropin secretion.
In an extensive chronological study of light-induced persistent
estrus, Lawton and Schwartz (248) observed a marked asynchronism in pituitary, ovarian and uterine functional rhythms
in the early stages of light treatment, and also concluded
that the effect of light is primarily on a cyclic component of
gonadotropin release control, presumably located in the hypo
thalamus.
Much evidence suggests that light stimulates abnormal
levels of FSH and OH by exciting, or disinhibiting, the hypo
thalamic neurosecretory mechanism which normally regulates
gonadotropic hormone secretion.

Light-induced alterations in

the neurosecretory structures of the hypothalamus have been
reported:

increased activity and enlargement of neurons in

the supraoptic nucleus, and accumulation of neurosecretory
(aldehyde-fuchsin positive) material in the supraoptico
hypophysial tract and median eminence (151, 154, 155).

The

hypothalamic concentration of FSH-releasing factor has been
found higher after 21 days of constant light, even though
pituitary FSH was not yet elevated (290).

In fact, continuous

light is reported to stimulate the ovaries of hypophysectomized animals with transplanted pituitaries (303), suggest
ing that the releasing factor may travel via the blood stream
in such animals.
Like continuous light, certain hypothalamic lesions
can induce precocious puberty (62, 115, 116, 173), persistent
vaginal estrus, and small follicular ovaries lacking in
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corpora lutea (209, 241, 358, 366).

Alterations in pituitary

FSH and OH content in these lesioned animals have been
demonstrated (95, 116, 358), although it remains unclear
whether the primary effect of the lesion is on synthesis or
release of gonadotropin, or both.

Similar to light-treated

persistent estrus rats, rats with hypothalamic lesions show
no compensatory ovarian hypertrophy after unilateral castra
tion, if the lesion is in the anterior hypothalamus (95,
160).

Also, such lesioned rats can be made to ovulate with

progesterone if the preoptic-suprachiasmatic region is intact
(183).

The parallels between the two persistent estrous

conditions imply that, at least in some respects, exposure to
constant light is equivalent to destroying part of the brain.
Still another syndrome of persistent estrus, with
ovulatory failure and micropolycystic ovaries, is produced
by treating neonatal female rats with testosterone (18, 180,
200).

The pituitaries of such animals after puberty contain

low to normal amounts of total gonadotropin, but very low
concentrations of OH (280).

Yet these pituitaries, if trans

planted into normal hypophysectomized animals are capable of
normal secretion (343).

Progesterone administration in the

intact testosterone-sterilized rat can increase pituitary OH
content (177), and electric stimulation of the arcuateventromedial area of the hypothalamus in such progesteroneprimed animals can induce ovulation (19, 178).

It would

appear that exposure to exogenous androgens in infancy
permanently alters the pattern of gonadotropin secretion
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determined by the hypothalamus; a similar effect of endogenous
testicular secretion is thought to be responsible for the
development of male secretion patterns in the normal neonatal
male rat (175, 176, 200, 369).
Similarities among these three kinds of persistent
estrus rats:

those in constant light, with hypothalamic

lesions, and with testosterone treatment, naturally lead to
the hypothesis that each syndrome involves the same functional
lesion in the hypothalamic gonadotropin-release-regulating
system, i_.e_., an interference with the cyclic pattern of re
lease characteristic of the female.

Some reports indicate,

however, that although the presenting symptoms may be similar,
the etiology of the three persistent estrous syndromes may not
be identical.

For instance, ovarian compensatory hypertrophy

is normal in the testosterone-treated rat (19), but not in the
constant light rat or the rat with hypothalamic lesions (91,
95, 160).

The inducement of precocious puberty by continuous

light was found to be independent of the similar effects of
anterior hypothalamic lesions (325).

Neonatal testosterone

treatment can prevent the usual pituitary and ovarian response
to constant light exposure (85), suggesting that the
masculinization of the hypothalamus renders it unresponsive to
light.

Similarly, small lesions in the suprachiasmatic region

interfere with the usual estrous response to light (91).

These

results do not reveal whether the three syndromes are function
ally the same, but they emphasize that all three involve some
malfunction of the hypothalamic gonadotropin-release control
mechanism.
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Many recent reports indicate that in normal cyclic
female rats there is a dual regulation of adenophypophysial
gonadotropin secretion.

A basal or tonic control level is

associated with the ventromedial-arcuate complex of the
medial basal hypothalamus - the "hypophyseotropic area" or
HTA - and is the immediate source of the neurohumoral releas
ing factors which travel to the adenohypophysis via the
hypophysial portal system.

The HTA level is relatively

autonomous in that it is not blocked by barbiturate treatment
(250), and the HTA continues to initiate gonadotropin pro
duction and release at a basal level even after complete
deafferentation (187, 188).

The HTA seems also to be capable

of some steroid feedback responses even when severed from the
rest of the brain (187), although the steroid threshold is
very different from that which obtains when afferent connec
tions are intact.

But then the anterior pituitary itself is

capable of some feedback responses to steroid implants (61),
and blood steroid levels (80), and there may even be internal
feedback circuits between the HTA and the anterior pituitary
(88).

This basal level of gonadotropin control may in fact

be a multiple, local feedback system.
By contrast the normal cyclic changes in gonadotropin
secretion associated with ovulation are regulated by
barbituate-sensitive (250) neural mechanisms which reside out
side the HTA but act through it and its releasing factors on
the adenohypophysis (187).

The anterior hypothalamic, supra

optic and preoptic area seems a likely candidate as a location
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for this cyclic release center.

Electrical stimulation of

this area can induce ovulation in the anesthetized rat (90,
129), as in the light estrous rat (70), and it is this area
in which lesions abolish ovulation and induce the persistent
estrous state described above.

Furthermore this area of the

hypothalamus is sensitive to estrogen (161, 347) and pro
gesterone (21).
It seems likely that constant light exerts its effects
on the female rat through this higher control center, derang
ing its cyclicity of function.

The observations of enhanced

neurosecretory activity in the supraoptic region (151, 154,
155) after light exposure would support this anatomical loca
tion as part of the pathway involved in constant lightfs effects.
Small lesions in the supraoptic area prevent the usual re
sponse to light (97).

It is of interest that responses to

visual stimulation have been recorded electrically in this
area of the brain (93, 144), and that such responses are
affected by estrogen treatment (256).

However, electrical

responses to other types of stimuli £.3 . manipulation of the
cervix, can also be recorded from this area, which is
apparently involved in sexual behavior (201) as well, and
these responses are also affected by estrogen (93) and pro
gesterone (94).
Many different external stimuli can contribute to the
timing of ovulation.

In rats in which the normal release of

OH has been blocked by barbiturates or chlorpromazine, ovula
tion can be triggered by coitus or electrical stimulation of
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the cervix (131, 197, 198, 394).

Probably light is normally

involved in the timing of cyclic OH release.

Everett and Sawyer

originally (132, 133) postulated the existence of a diurnally
excitable neural center which, in response to steroids (130,
339), initiated the ovulatory surge of OH.

In studies with the

barbiturate blockade of ovulation, Everett (132) has found that
the critical period for blockade (2 PM on the proestrous day)
recurred at the same time on succeeding days, so that ovulation
could be repeatedly postponed by drug administration at this
hour, with the persistence of the same ripe follicles.

It

seems possible that continuous light removes this (perhaps
light-clued) diurnal excitability, resulting in overlapping
generations of follicles.
A possible factor in the rat's response to constant
light is the pineal body.

The function of this small structure

in birds and mammals, where it does not appear to be photore
ceptive (227, 228, 316), remains poorly understood, but the
pineal has long been associated clinically with abnormalities
of sexual development (236).

A large number of recent studies

suggest that the pineal may be involved in light-induced
gonadal changes in rodents.
Although there is very little evidence that the
pineal is photoreceptive in rodents, it is profoundly affected
by lighting conditions.

The pineals of Peromyscus and of the

rat undergo structural changes when the animal is in constant
light or dark (310, 311, 330).

A significant decrease in

pineal weight is found in male or female rats exposed to
constant light, even if they are hypophysectomized or
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gonadectomized (152, 153).

A demonstrated diurnal rhythm of

rat pineal norepinephrine content is abolished by blinding or
exposure to constant light or dark (391).

A diurnal rhythm

is also found in the pineal content of serotonin (5-hydroxytryptamine) (312, 352) in the rat; this amine is higher
during the light hours.

The serotonin rhythm is also

abolished by blinding (314) or continuous light, but not by
continuous dark (352), and can be altered by altering light
ing cycles (351).

In the neonatal rat, the diurnal serotonin

rhythm can be altered by extra lighting exposure even when
the animals are blinded (395), suggesting that extraretinal
receptors may be involved.

In the adult rat, the rhythm of

serotonin (149) and the effects of light on the enzyme which
forms it, 5-hydroxytryptophan decarboyxlase (98, 349), can be
abolished by superior cervical ganglionectomy, which also
abolishes the rat's, and the ferret's, estrous response to
light (2, 13, 385).

The superior cervical ganglion is the

source of the primary nerve supply of the pineal gland (228),
so the operation is equivalent to denervating it.
Another diurnal rhythm is observed in the rat pineal
content of melatonin (5-methoxy-N-acetyl tryptamine) (313),
and of hydroxyindole-O-methyl transferase (HIOMT), an enzyme
required for the formation of melatonin from serotonin (14).
Like norepinephrine, melatonin and its enzyme are highest in
the dark hours.

In the rat (286, 28 7, 389), and in the

hamster (6), continuous darkness or blinding brings about an
increase in pineal HIOMT, while constant light causes a
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decrease.

These effects of light on the pineal require the

eyes, but not, apparently, the primary optic tracts (286).
The inferior optic tracts, which leave the optic nerves at
the chiasm and run in the medial forebrain bundle to the
midbrain tegmentum, are claimed to be necessary.

As with the

effects of light on pineal serotonin content, the lightinduced variations in melatonin and HIOMT can be prevented by
superior cervical ganglionectomy, even when the ptosis re
sulting from the surgery is compensated by removal of the
eyelids (385).

That the changes in these substances in the

pineal depend on the sympathetic innervation of this organ
was shown by an experiment (393) in which the pineal was
transplanted to the anterior chamber of the eye; in this
location the levels of these substances were normal but were
not affected by lighting conditions.

The HIOMT content of

the pineal in situ can be decreased by electrical stimulation
of the preganglionic trunk to the superior cervical ganglion
(68).

Thus the mediation of the effects of light on the

pineal would appear to be nervous rather than hormonal; this
is consistent with the fact that gonadectomy and hypophysectomy do not interfere with the pineal weight reduction
(15 3) and HIOMT decrease (387) in constant light.
That the pineal is severely affected by light exposure
seems well established; that it somehow mediates the gonadal
response to light is more difficult to prove.

Certain kinds

of pineal tumors have long been associated with precocious
puberty (84, 228, 236) leading to the hypothesis that the
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pineal's function is concerned with the alterations in
pituitary-gonadal function which mark the attainment of
sexual maturity.

Most frequently the pineal's role has been

supposed to be an inhibitory one.

Pinealectomy in immature

male rats causes an earlier development of copulatory
behavior (25) and an increase in gonad and accessory weight
(289, 359).

In female rats, pinealectomy results in vaginal

and ovarian conditions similar to those seen in early con
tinuous light exposure; these effects can be reversed by the
administration of pineal extract (392).

From these and other

studies it would appear that removal of the pineal releases
the gonads from an inhibition; perhaps light exposure inhibits
the pineal, and depressing pineal function may have the
effect of stimulating the gonads.

Such an hypothesis is

supported by the finding that the administration of pineal
extracts interferes with the rat's vaginal (214, 221) and
ovarian (392) but not uterine responses to continuous light.
The removal of light stimulation seems to stimulate
(or disinhibit) the pineal and allow it to depress gonadal
function.

Blinding male or female hamsters or rats causes

involution of the gonads and accessories, but this result of
blinding can be prevented by pinealectomy (321, 322, 32 3) or
by superior cervical ganglionectomy (318, 319, 320).

Con

tinuous dark or very short photoperiods (1 hour/day) also
cause atrophy of the testes in male hamsters, and can prevent
compensatory hypertrophy after unilateral castration (210);
these effects of light deprivation can be ameliorated by
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pinealectomy.

Some studies indicate that rats must initially

be exposed to light-dark alternation before their pineals can
mediate the depression of gonadal function seen in continuous
dark (324, 326).
Wurtman believes the pineal's inhibition of the gonads
is due to melatonin, which has been shown to decrease in the
light-exposed pineal, and to vary with the normal estrous
cycle (386).

Administration of melatonin to normal rats delays

puberty (289), decreases vaginal estrus and ovarian weight
(289, 355, 383) and counteracts the stimulation of the ovaries
in pinealectomized animals or those exposed to constant light
(81, 384).

Some workers have not been able to confirm all of

these effects of melatonin (4, 124).
Meltatonin does have a variety of physiological
effects.

It is a potent lightener of amphibian melanophores,

and its injection causes an abrupt fall in the melanocytestimulating hormone of the rat pituitary (230).

Melatonin is

found in the pineal of many mammals (255), and the HIOMT
required for its synthesis appears to occur only in the
pineal (13).

Intraperitoneal injection of melatonin causes an

increase in brain serotonin (7); exogenous melatonin can also
prevent the diurnal rhythm of pineal serotonin if it is ad
ministered during the light period (150).

Melatonin injection

or implant of melatonin in the hypothalamus or midbrain de
crease the pituitary content of OH (169, 289) and reduce
plasma levels of OH as well (168).

Exogenous radioactive-

labelled melatonin, on injection, is concentrated by the
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pineal, brain and ovaries (390).

These many results do not

point to a simple explanation, but it seems possible that
melatonin could act on neuroendocrine centers in the brain
which control cyclic functions such as the estrous cycle.
Since the effects of constant light on the pineal
appear to be mediated by the same sympathetic pathways that
mediate the estrous response to continuous light, it is diffi
cult to determine whether these are parallel effects or links
in a causal chain.

That the light-induced pineal alterations

occur in the absence of the ovaries is definitely known, but
the ovarian response to constant light is approximately
duplicated by pinealectomy (and they are not additive (392)),
so it is difficult to test whether the gonad alterations occur
in the absence of the pineal.

Hence the pineal remains a

puzzling but possibly important element in the rat's response
to continuous light.
C.

The Question of Receptors

Ocular Receptors.

It appears to have been adequately

demonstrated that in the rat (66, 97), as in the ferret (55,
56, 82, 273) the eyes are essential for the effects of light
on the reproductive system.

Whether rods, cones, or neither

are the receptors has not been determined.

Scharrer (336)

long ago suggested that the receptors and neural pathways in
volved in photoperiodic and other autonomic responses to light
were different from those for vision and optic reflexes.
Thomson (361) found in the ferret that the ganglion layer of
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the retina was specifically necessary for early estrus to
occur (the lenses and humors being dispensable), and has
postulated that some interaction between rods and cones may
be important in the sexual response to light.

According to

Donovan (110), Thomson believes that photosexual effects
occur only in animals with both rods and cones.

It is often

stated that the "neurovegetative" cells described in the
ganglion layer of the mammalian retina by Becher (27, 28) may
be the photosexual receptors.

This notion is strengthened

by the finding that the spectral response for photosexual
effects is different from that for perceptual vision.
Careful studies have been done on the visual sensi
tivity of the duck, Anas platyrhynchos. which for sensory
reception and the pupillary reflex has a maximum in the yellow
region of the visible spectrum (40).

By contrast the most

effective wavelengths for testicular stimulation in the duck
are the orange and red ones (6000-7500 &) (40, 46, 47).
Similar effectiveness of red light has been reported for the
Starling (52, 75), English Sparrow (327) and the Japanese
Quail (380).

It was recently confirmed in six other species

of birds, using equalized intensities of light (338).

Shorter

wavelengths, even those most effective for visual sensation,
are quite ineffective in stimulating the gonads (46, 47, 48).
No comparable study exists on the spectral response
of photosexuality in a mammal:

Marshall and Bowden's early

reports (273, 274) on early estrus in the ferret showed no
differences across the visible spectrum, while ultraviolet was
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quite effective, but the intensities they used were not
equivalent.

Ott (298) found that the addition of ultraviolet

(2900-4000 Angstroms) to artificial lighting [making it more
like sunlight] markedly increases the fertility of rats.
But there is little firm evidence concerning the action
spectrum

or the receptors for photosexual responses in a

mammal.
The afferent pathways for photosexual effects are
quite definitely different from those for perceptual vision,
at least in the rat and ferret.

Section of the optic nerves

(66, 97), like optic enucleation, abolishes the estrous
response to light, but the pathway from the optic chiasma
to the demonstrated effects in the hypothalamus is far from
clear.

In ferrets the usual response to extra light occurs

after removal of the superior colliculi or interruption of
the classical visual projections to the midbrain reflex
center and to the lateral geniculate bodies for relay to the
visual cortex (82).

In the ferret there appear to be no

accessory optic tracts (219).

In rats, bilateral transection

of the optic tracts immediately behind the chiasma , pre
sumably interrupting all central visual projections, did not
interfere with the estrous response to constant light (97).
More recently Wurtman (388) has reported that lesions in the
medial forebrain bundles, which are reported (205, 286) to
contain fibers from the inferior accessory optic tracts, do
block the rat's estrous response to light.

However, these

medial forebrain bundles terminate in the midbrain
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tegmentum (205, 286), and another report (301) shows that
normal ovulation, at least, can occur after extensive
destruction of the tegmentum.

Thus it is difficult to imagine

how photic information usually makes its way to the hypothalmus.
Many histological (60, 205, 239, 242, 307) and
electrophysiological (144, 279) searches have been made for
direct retinohypothalamic connections in various animals.
Some authors have described fibers from the retina leaving
the optic nerves just above the chiasma

and terminating in

various hypothalamic nuclei (60, 239, 267); but others were
not able to confirm these observations, so precise anatomical
demonstration of such connections, at least in the rat, has
yet to be made.
The elusiveness of direct retinohypothalamic nervous
connections is made more interesting by the possible involve
ment of the sympathetic system in photosexual responses.

As

mentioned above, in the rat (385) and ferret (2, 113),
superior cervical ganglionectomy abolishes the normal estrous
response to light.

With the possible involvement also of the

midbrain and of the pineal gland, it seems unlikely that a
direct neural link between the optic chiasma

and its close

neighbor, the hypothalamus, will turn up as the afferent
route for photosexual responses.
Non-ocular Receptors.

Benoit and his coworkers (for

review see (32, 34, 37)) have unequivocally shown that in the
duck, encephalic as well as ocular receptors operate in
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photostimulation of the testes.

In this bird, gonadal acti

vation at high intensities of light can occur even after
optic enucleation (30) or transection of the optic nerves (35),
and even small amounts of light, when conducted directly to
the anterior hypothalamus or the rhinencephalon via a quartz
rod, can be an effective stimulus (31, 42).

The light

sensitivity of the uncovered hypothalamus is reported to be
greater than that of the eye for producing testicular develop
ment (36) and to extend to all visible wavelengths (46, 47).
However, in the intact duck, only the longer wave
lengths apparently penetrate the skull and feathers (44, 45).
In a study of the penetrability of the duck's head as a func
tion of wavelength, Benoit found that short wavelengths were
poorly transmitted (1/2000 for indigo, 4360 Rngstroms; 1/630
for green, 5460 Sngstroms), but longer wavelengths penetrated
much better (1/130 for orange, 6170 Sngstroms; 1/55 for red,
6470 Angstroms).

As much or more light penetrated through the

top and sides of the skull as through the walls of the orbit
in white ducks, while in dark-feathered ducks with the same
eye pigmentation, most of the light came through the thin
walls of the orbit (45).
Schildmacher (338) supposes that these differences in
penetration may explain the apparent effectiveness of red and
orange wavelengths in photostimulation of birds, a difficult
point to prove.

It is nearly impossible to isolate the effects

of the optic receptors from those of the encephalic ones (al
though the converse can easily be done in blinded animals)
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because of the penetration through the orbit when the eye
is illuminated.

Benoit (34), from experiments with intact

ducks at intensities he believes are too low to activate the
encephalic receptors, maintains that the retinal sensitivity
alone has a peak at 6470 Sngstroms while Hollwich and Tilgner
(213) found at similarly low intensities the most effective
wavelength was even further in the red, at 7070 Sngstroms.
Benoit's demonstration of encephalic photosensitivity
was recently confirmed in the House Sparrow, in which activity
cycles can be entrained by light cycles even after removal
of the eyes, and of the pineal (282).

The evidently direct

response of the brain to light in the absence of specialized
photoreceptors is not such a startling finding as it might at
first appear, although it is in curious contrast to the
apparent necessity of the eyes for photosexual effects in
rats and ferrets.

The lateral eyes of vertebrates are

embryologically derived from the diencephalon, as are the
functional pineal, parapineal and parietal eyes and frontal
organs of certain lower vertebrates; hence, the neurons of
this brain region have photoreception in the family.

It has

been pointed out that (33 7) neurosecretory cells resemble the
rods of the retina in that they have cilia with the 9:0 fibril
arrangement.
Whether all cells, or only specialized ones, have the
potential capacity to record photic stimuli is an interesting
question.

The widespread occurrence of phototaxis among uni

cellular, usually photosynthetic, forms illustrates that a
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cell's capacity to respond to light does not depend on the
highly specialized lamellar structures of vertebrate rods and
cones, although some photopigment must be required.

The pig

mented muscle fibers of the pupillary sphincter in teleost
fishes and some amphibia (344, 345) contract on exposure to
light even when denervated.

Melanophores of Xenopus larvae

respond to illumination when isolated from nervous and hormonal
influences (16) and even when grown in tissue culture (294).
The smooth muscle of mammalian skin arterioles can contract in
direct response to light (170), and excised pieces of skin from
a number of vertebrates generate measurable electrical re
sponses to illumination (29).
Nerve cells especially have been found to be photo
sensitive.

Single neurons from several invertebrates have

photoreceptive properties:

the abdominal ganglion of the

crayfish (233, 309), the visceral ganglion of Aplysia (79),
and the pallial nerve of the surf clam Spisula solidissimus
(232) contain cells from which primary on-off responses to
illumination have been recorded.

Some interesting work has

been done on the action spectrum of these invertebrate
neurons (69, 79, 232); it seems likely that both carotenoids
and hemoproteins are involved as photopigments.
Photosensitivity of some parts of the brain has been
observed among insects (104, 253, 373).

Reactions to light

were long ago shown (367) and recently conformed (99, 335) in
the blinded minnow Phoxinus phoxinus. a property which
Scharrer (336) ascribed to the supraoptic region.

In
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Rana temporaria. pituitary melanophoretic hormone is formed
in response to light exposure after removal of the eyes (328).
Some of these observations are difficult to interpret because
of the subsequent demonstration of photoreceptive structure
and function in the pineal or parietal organs of a number of
lower vertebrates (105, 107, 108, 120, 121, 122, 231, 284).
Some of the responses which have been attributed to brain
photoreception may in fact have been pineal responses.

Since

all available evidence indicates that the pineal is not photo
receptive in birds, this difficulty of interpretation does not
arise with Benoit's work on the duck's encephalic receptors.
There are a few indications of extraretinal photo
reception in mammals in the literature.

The responses of

blinded neonatal rat's serotonin rhythm to added light (395)
was mentioned previously; the skin and skull of newborn rats
is remarkably transparent.

An experiment similar to Benoit's

quartz-rod investigation was performed by Lisk and Kannwischer
(257) on the female rat, using chronically implanted optic
fibers to conduct constant light directly to various regions
of the hypothalamus in blinded animals.

When the fibers were

placed in the suprachiasmatic region of blind rats, an estrus
response similar to that of seeing animals [with covered optic
fiber implants] was obtained, although ovarian weight and
ovulation did not decrease as much with the hypothalamic as
with the optic route of light.

By contrast, when light was

directed via a fiber to the arcuate region, fewer cornified
smears, an increase in pituitary and ovarian weight, and many
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corpora lutea resulted.

These findings indicate that in the

rat, as in the duck, light reaching the hypothalamus directly
can have a profound effect on pituitary-gonadal function.
Whether such effects occur in the intact rat remains
to be demonstrated.

The photoelectric measurements of Ganong

(171) and van Brunt (365) indicate that appreciable amounts
of light do penetrate the skulls of several mammals, including
the rat, under ordinary lighting conditions.

Apparently for

the intensities used by most investigators, the amount pene
trating is not enough to cause estrous effects in the absence
of the eyes, since blinding has uniformly been reported to
abolish the response.

However, Flament-Durand (154) noted an

increase in the size and activity of the neurons in the supra
optic nucleus under constant light even in blinded animals,
even though they did not exhibit estrus.

It seems possible

that high intensities, or more penetrating frequencies, might
affect the hypothalamus in the rat enough to bring about an
estrous response even without the eyes.

2.

Proposed Investigation

The experiments to be described herein were undertaken
to determine the action spectrum of light estrus in the rat.
Because this phenomenon is a statistical and long-term effect,
a large area illuminated for many weeks was required; the use
of monochromatic light was deemed impractical.

Instead, two

spectrally distinct sources, red and green, were chosen from
available fluorescent tubes, and compared with white light of
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the same intensity.

The green source was near the peak of

visual sensitivity; the red source, chosen because of Benoit's
work, was mostly beyond the absorption range of the rat
retina (167, 370).

Preliminary experiments with continuous

white light were designed to determine the optimum intensity
and duration of exposure.

The chronology of persistent estrus

under the conditions to be used was followed, since the
phenomenon is a progressive one.

Previous studies have shown

wide variation in estrus response to continuous light among
various strains of rats (128, 222, 268) at various ages (128,
148, 222, 260), and with different intensities of light (260).
Both natural and artificial alternating light-dark conditions
were included as controls, since there are few data available
on the effects of artificial light per se.

It seemed desir

able also to determine how much light could penetrate the
skull of the rat at the intensities used, and particularly to
compare the light sources employed in this respect.
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SECTION II
MATERIALS AND METHODS

Female weanling (23-24 days of age) albino rats of
the Sprague-Dawley strain, obtained from the Charles River
Breeding Laboratories, Arlington, Massachusetts, were used for
all experiments.

Earlier experiments were conducted in 1964

with animals from the supplier's "SD" (Sprague-Dawley strain)
colony, which was then unfortunately discontinued, so that
"CD" (Caesarean-derived from Sprague-Dawley stock) colony
animals were used for subsequent series.
Animals were placed in the experimental housing
immediately upon their arrival, and given 24 hours to recover
from shipment before the experimental lighting was turned on.
Bedding and nesting material were not provided, in order to
maximize exposure to light.

Purina rat chow and tap water

were given ad libitum throughout the experiments.
were recorded weekly.

Body weights

All rats were examined daily for

vaginal introitus,and vaginal smears were made daily after
maturation had occurred.

Smears were taken by saline lavage,

air-dried and stained with aqueous methylene blue or with
Harris hematoxylin and Shorr's Single Stain for keratin (185),
then classified according to the stages of Long and Evans
(262).
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At the conclusion of each experimental period, the
rats were sacrificed with ether, body weights determined, and
the ovaries immediately removed.

Ovaries were quickly

cleaned of fat and oviduct under a binocular dissecting micro
scope, weighed to the nearest 0.1 mg. on a Roller-Smith
balance, and fixed in Bouin's fluid.

Five micron sections

were stained with hematoxylin and eosin, or with Greenstein's
Five-Dye stain (185).
Experimental lighting was provided by fluorescent
fixtures mounted in specially constructed lightproof cabinets
(Figure 1), wherein the rats were housed.

All operations

which required opening the cabinets of the red- or greenexposed groups were carried out with the surrounding room
completely darkened.

Thus all other light sources were

excluded for the duration of the experiment.

Cages were

rotated within each cabinet at weekly intervals to counteract
any effect of different intensities in different parts of the
cabinet.
The twelve-hour photoperiod of artificial light was
run from 6 AM to 6 PM, controlled by an electric timer (Model
APT-10, "Ti-Mite", Paragon Electric Company).

The dark

period was completely dark for the animals on this 12-hour
regimen; the cabinets were sealed during the night interval.
"Control" lighting was that prevailing outside the cabinets
in the animal room:

daylight from a window, with irregular

supplements of artificial (incandescent) light, according to
the use of the room by other personnel.
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Heat in the cabinets was reduced by mounting the
ballast of the light fixtures outside the cabinets, and by
an exhaust fan, run continuously, in the top of each cabinet.
Air was admitted through side vents equipped with light
baffles.

Temperature in the cabinets, monitored by a record

ing thermometer, varied from 76° to 80° F., except for a few
days in July 1968, when the air-conditioning of the room was
overloaded; a maximum of 90° F. was recorded at that time, in
both control and experimental groups.

The diurnal variation

in temperature, derived largely from the central heating of
the building, was slightly greater in excursion for the 12hour photoperiod housing, as might be expected:

a range of

4° F., as compared to 2° or 3° F. for the continuously
lighted cabinets.
The fluorescent tubes used were Sylvania 40-watt
Cool White, Green (both commercially obtained) and custommade high-intensity red magnesium germanate lamps, also from
Sylvania.

Spectral energy distribution of the three light

sources appear in Figures 2, 3, and 4, by courtesy of the
Sylvania Company.

It will be noted from superposition of

Figures 3 and 4 that the red and green frequency distribu
tions are not quite mutually exclusive.

The overlap of the

two curves around 6000 Angstroms is less than 3% of the total
energy output of each lamp, as calculated from wattage tables
supplied by the manufacturer.

Each source also unavoidably

induces the mercury resonance lines in the violet and near
ultraviolet range.

The spectral energy distribution of the

FIGURE 1.
EXPERIMENTAL HOUSING
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green source was at a maximum near the peak of the rat's
visual sensitivity (179, 167); that of the red source was
mostly beyond the range of absorption for the rat's retina
(167, 179).

The rat, a nocturnal animal, has very few cones,

exhibits no Purkinje shift either electroretinographically
or pupilloscopically (370), and appears to be quite blind
to long-wave light.

Granit (179) has described a "modulator"

element in the light-adapted rat with a peak at 6000 £, but
it is a very sharp peak, and decreases to little or no response
by the 6500 8 energy peak of the red light source.

Although

in general albino eyes, lacking melanin, are more sensitive
to the red end of the visible spectrum (106), it seems safe
to assume that the rats perceived the red source as, at best,
a very dim light.
Light energy levels (89, 258) were measured with an
Eppley thermopile and a Kin-Tel galvanometer, model 204A.
Window screening, painted flat black, was used as an inexpen
sive neutral density filter to achieve the desired light levels
for each light source.

Measured in the center of the second

shelf, intensity for red and green lighting was equalized at
2

2

100 microwatts/cm ; for white lighting, at 100 microwatts/cm
2
or at 200 microwatts/cm . Other locations in the cabinet had
levels from 90 to 120 microwatts/cm

for the groups designated

"100 microwatts" and from 180 to 220 microwatts for the "200
microwatts" groups.

One hundred microwatts/cm

2

is equivalent

to about 65 foot-candles of maximum visibility radiation
(5560 Sngstrom units).
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The light penetration measurements were made with a
Hoffman (Hoffman Electronics Company - now Centralab El Monte, California) microminiature photovoltaic detector,
model EA7E3, shown in Figure 5.

The output current of this

device was measured with a Keithley Electrometer, model 621,
used on the "fast" setting.

The lead wires of the photo

detector were coated (Krylon Spray Lacquer) to exclude
moisture and enclosed in a single cable for protection and
maneuverability.

Soldered connections were made to the wires

of a longer cable which led to the ammeter input.
The photodetector was inserted into the brain under
Nembutal anaesthesia via the parapharyngeal route usually
used for hypophysectomy (215).

This surgical approach left

the top and sides of the rat's head intact, and the small mid
line cervical incision used for insertion was closed with
opaque tape to exclude light and to hold the protruding cable
of the photodetector in place.

The unconscious rat was then

immobilized, dorsal side up, while the penetration readings
were taken under each light source.

No readings were taken

more than five minutes after respiration had ceased; post
mortem changes have been shown to affect tissue permeability
as early as 30 minutes after death (44, 45).

The animal was

then sacrificed, if not already expired, and the position of
the detector in the brain determined grossly when it was re
moved.

The location of the implant was confirmed by later

histological study of the fixed and sectioned brain.

FIGURE 5.
PHOTODETECTOR
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Because the response of a silicon solar cell (315)
varies enormously over the frequency range of the light
sources used, all readings were converted into percentages
of incident light transmitted, by the following procedure.
For each light source a maximum reading was obtained with the
detector taped to the dorsal surface of an anesthetized rat's
head or to the palm of a human hand.

Either external site

had a temperature of approximately 35° C.

Then with each

implantation of the detector in the brain, a reading was
again obtained for each light source, with the detector at
the same point in space (with respect to the light source)
as previously, but this time inside the rat's head.

Tempera

ture during the implantation measurements, monitored
rectally, was between 35° and 38° C., depending on the condi
tion of the animal.

The direction of the observed temperature

difference would tend to distort the percentage transmitted
very slightly upward, because the response of the photocell
increases with temperature.

44

SECTION III
RESULTS

It is pertinent to a study of this kind to ask whether,
to a nocturnal animal such as the rat, continuous light is not
perhaps a stressful, as well as an unnatural, environment.

It

has been shown that early light exposure increases the
acetylcholinesterase activity of the infant rat brain (238).
One study reported decreased growth in nursing young rats when
housed in constant light (103).

Psychologists often use light

increments as rewarding or reinforcing stimuli in experiments
with rats (49, 259) and at low intensities rats will choose
light over darkness.

Because the intensities used in these

experiments were fairly high, it seemed appropriate to deter
mine whether, apart from their effects on the reproductive
system, the light conditions used had any deleterious effects
on the animals.

Hence the findings on growth and general

health are presented first, followed by the effects of light
on the various aspects of sexual function.

1.

Effect of Light Exposures on
Growth and Body Weight

Body weight means for the various lighting conditions
and lengths of exposure are shown in Table I; statistical
analyses may be found in the Appendix.

In general, exposure

to continuous light of any frequency or intensity produced body
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TABLE 1
BODY WEIGHT MEANS OF FEMALE RATS AFTER EXPOSURE
TO VARIOUS LIGHTING CONDITIONS
, . * ,. _
Lighting

200 microwatts/cm

n

Body Weight (G.)
%- s.E.M.----

2

8 weeks
White continuous light
White 12-12 Dark

14
15

* 221.3 + 5.6
* 234.9
6.4

21
12

* 265.6
* 287.5

5.6
8.2

9
10
11
9
5

182.2
160.1
174.1
185.6
175.6

2.1
5.3
3.4
3.1
7.7

White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control

10
16
16
12
10

254.9
240.6
244.2
255.2
262.6

7.1
5.4
3.1
4.5
8.2

15 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control

10
21
20
17
10

30 weeks
White continuous light
White 12-12 Dark
100 microwatts/cm

2

4 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
8 weeks

294.2
* 265.1
* 271.8
* 261.8
304.6

8.1
4.8
5.4
5.6
5.6
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weights somewhat lower than those of controls or rats under
control lighting or 12-hour photoperiods, but most of the
differences are not significant,
2

At an intensity of 200 microwatts/cm , continuous
white light tended to reduce body weight as compared to
animals exposed to a 12-hour photoperiod of the same intensity
of white light.

The difference (221.3 vs 234.9 g.) was not

significant at 8 weeks of exposure, but by 30 weeks (265.6
vs ?87.5 g.) the difference was significant at the .025 level,
for this reason the higher intensity was not used for subse
quent experiments.
Analyses of variance on the 100 microwatts/cm

2

body

weight data shows that treatment differences are significant
(P < .025) at 4 and at 8 weeks of exposure and highly signi
ficant (P ^ .005) at 15 weeks of exposure.

However, compari

sons among individual treatment means reveals that the
various light exposures were not equally effective.

For in

stance, using Duncan's multiple-range test to make comparisons
among the 4-week treatment means, the only significant (P< .05)
differences are between red continuous light (160.1 g.) and
white 12-hour photoperiod (185.6 g.), and between red
continuous light (160.1 g.) and white continuous light
(182.2 g.); red continuous light does not differ significantly
from controls (175.6 g.), nor do green or white continuous
light differ significantly from controls or from 12-hour
photoperiod-exposed rats.
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At 8 weeks of exposure, again using Duncan's test,
the only significant (P ^

.05) differences are between red

continuous light (240.6 g.) and the control lighting (262.6 g.),
and between green continuous light (244.2 g.) and the control
lighting (262.6 g.).

Neither color of continuous light

differed significantly from the 12 hour photoperiod exposure;
nor did white continuous light (254.9 g.) differ significantly
from any other treatment mean at 8 weeks.

Thus at this lower

intensity white continuous light does not appear to have an
adverse effect on body weight at 4 or at 8 weeks of exposure,
while red or green continuous light may reduce body weight to
a rather variable extent, as compared to control lighting or
to a 12-hour photoperiod of white light.

It is worth noting

that the control and 12-hour photoperiod groups did not differ
at 4 or at 8 weeks.

Apparently artificial light per se does

not have any effect on body weight.
At 15 weeks of exposure, red and green continuous
light groups have significantly (P 4. .05) lower body weight
means (265.1 g. and 2 71.8 g.,respectively) than control and
white continuous light groups (304.6 and 294.2, respectively),
yet the red and green groups differ only negligibly from the
white 12-hour photoperiod group (261.8 g.).

This anomaly is

probably due to factors other than the lighting conditions.
Among the 15-week groups, all the significant differences in
body weight means are between the 1964 groups (RCL, GCL and
White 12-12, designated in Table 1 by *), in which SD rats
were used, and the 1968 groups (WCL and CON) in which CD rats
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were used.

In each case, the control or 12-hour photoperiod

groups run concurrently had a body weight mean similar to the
continuously lighted group(s).

This suggests that the 1964,

SD rats tended to be smaller than the 1968 CD rats regardless
of lighting exposure.
The SD and CD rats were both Sprague-Dawley strain,
but were maintained in different colonies by the supplier.
The two colonies apparently differed in vigor.

Growth curves

for the 12-hour photoperiod and control groups of 1968 (CD)
and the 12-hour photoperiod of 1964 (SD) are shown in Figure
6.

The two curves compare favorably with those provided by

the supplier as representative of his colonies during the two
years in question.
It is possible that the differences deriving from the
supplier's colonies were augmented by differences in housing
the animals during the experiments.

During the 1964 (SD)

series, due to lack of space, the rats were housed three to a
cage up to 8 and 15 weeks of exposure.

In the 1968 (CD)

series, the rats were reapportioned, two to the same size cage,
after 4 weeks of exposure.

This hypothesis is especially

attractive because the difference in growth in Figure 6 is
most pronounced at 8 weeks and after that time.

However,

three animals per cage still allowed 45 square inches per rat,
well above the minimum 29 square inches (143, 381) recommended
for rats of 200-300 grains.

Furthermore, the 1964 animals did

not exhibit any obvious pathological effects of crowding, and
the SD growth curve in Figure 6 is well above (25 g. or 10%
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at 12 weeks of age) that recorded by the supplier for his SD
colony at that time.
These colony and/or housing effects only obscure the
light treatment effects on body weight among the 15-week
groups, since all the 4 and 8 weeks exposures were done in
1968, using CD rats, while the 200 microwatts/cm
done in 1964, used only SD rats.

2

series,

If the 15-week white 12-

hour photoperiod (1964-SD) group is regarded as another kind
of “control", and compared to the red and green continuous
light groups run concurrently (1964-SD), neither continuous
light exposure had any significant effect on body weight.
Similarly, if the 15-week white continuous light group (1968CD) is compared to the control group run concurrently (1968CD), continuous light exposure had no significant effect.
In

summary, it may be concluded

tentatively that red

or green continuous light exerts a somewhat depressing influ
ence on body weight at 4 and 8 weeks of exposure, as compared
to control lighting or 12-hour photoperiods of white light,
but that this effect is probably not significant by 15 weeks
of exposure.

White continuous light, by contrast, does not

appear to reduce body weight for any length of exposure tested,
2

at an intensity of 100 microwatts/cm , but does significantly
2
reduce body weight after 30 weeks at 200 microwatts/cm .
2.

As
rhythms

Effect on Light Exposures on General
Health. Activity and Behavior

reported by other workers (206), the activity

of the rats in continuous light underwent some phase
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shift and elongation.

Usually, nocturnal animals placed in

continuous light have a free-running period longer than that
shown in diurnal lighting, and higher intensities of light
lengthen the period even more (Aschoff's rule) (10).

Rats in

diurnal lighting are usually active at night, most active on
the night preceding estrus (85), and the control and 12-hour
photoperiod animals in these experiments conformed to that
pattern.

They were usually quiescent, until disturbed, at

the time of vaginal smearing (9-10 AM), while the rats in
continuous light were generally already active at this hour.
In fact, many of the continuously-lighted rats seemed to be
active at any time during the day when they were observed,
while the 12-hour photoperiod animals were often sleeping.
It should be noted that the environment of the continuously
lighted rats provided some other time clues than lighting;
the noise level in the animal room and the daily smearing
routine could have acted as Zeitgebers to some extent, and
the small diurnal temperature variation might have been
sufficient to entrain activity rhythms (66).

No entrainment

to any of these factors was evident.
Health problems which occurred during the experiments
were not limited to the light-exposed groups of rats.

A near

epidemic of labyrinthitis occurred during the 1964 series;
affected animals were removed as soon as the symptoms (disequilibration, circling movements, holding the head at an
angle) were noted, and these were excluded from the results.
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Only one case of labyrinthitis was found during the 1968
series; it also was omitted from the results.
Several peculiarities of the continuous light exposed
animals seem worthy of mention.

In general they were hyper

active, less tame, and more easily startled than the control
or 12-hour photoperiod groups, which were handled identically.
2
Toward the end of the 30-week exposure at 20 0 microwatts/cm
of white continuous light, some balding of the hind portion of
the back was noted.

This may have been due to the high

estrogen levels in these animals, as observed by Donovan in
the ferret (110), or to the repeated mounting behavior observed
occasionally in continuously-lighted animals after they had
begun to exhibit persistent estrus.

This behavior was never

observed in control or diurnally-lighted animals, even during
their normal estrous periods.

Hyperexcitability and increased

libido in continuous light were also reported by Jochle (223);
it would be interesting to investigate whether these behavioral
effects are related to the increased androgen-producing capa
city of polycystic ovaries reported by Weisz and Lloyd (371).
3.

Effect of Light Exposures
on Sexual Maturation

The mean age of vaginal introitus for each lighting
condition is shown in Table 2.

The 1964-SD rats and the 1968-

CD rats are presented separately, since the differences in
growth rate, discussed above, may have been accompanied by
differences in the rate of sexual maturation.
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TABLE 2
MEAN AGE OF VAGINAL INTROITUS OF FEMALE RATS
UNDER VARIOUS LIGHTING CONDITIONS
n

Lighting

200 microwatts/cm

2

White continuous light
White 12-12 Dark
100 microwatts/cm

2

2

36
36

37.5 ±. .8
39. 7
.7

21
19
15

39.4
38.1
37.5

1.1
.4
.9

30
26
27
21
23

37.1
38.4
36.1
39.3
38.1

.7
.8
.6
.6
.7

1S64

Red continuous light
Green continuous light
White 12-12 Dark
100 microwatts/cm

Mean Aqe (Days)
+ S.E. M.

1968

White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
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Exposure to 200 microwatts/cm
light produces a significant (P

2

of white continuous

.05) advancement in the age

of vaginal introitus (37.5 vs 39.7 days of age) as compared
to rats experiencing a 12-hour photoperiod of the same light.
Among the 100 microwatts/cm

2

1964 groups, the analysis

of variance (see Appendix) revealed no significant treatment
differences.

However, among the 100 microwatts/cm

2

1968

groups, a similar analysis showed treatment differences were
significant (P ^ .05).

This could be because the 1968 groups

were larger.
Comparisons among the various 1968 treatment means,
using Duncan's test, shows that white continuous light did
have a significant (P <, .05) accelerating effect on vaginal
introitus as compared to a 12-hour photoperiod of the same in
tensity of white light (37.1 vs 39.3 days of age), but not as
compared to control lighting (37.1 vs 38.1 days of age).

This

may indicate that the accelerating effect of continuous light,
reported by other workers, depends rather critically on com
paring the continuously-lighted rats to animals which have
received a precise photoperiod, rather than the irregular
increments of light experienced by the "control" groups in
these experiments.
Green continuous light also produced a significant
(P < .05) decrease in the age of sexual maturity as compared
to a 12-hour photoperiod of white light (36.1 vs 39.3 days of
age), in the 1968 series, and even as compared to control
lighting (36.1 vs 38.1 days of age).

Thus green continuous

55

light appears to be even more effective than white continuous
light in accelerating introitus, although this effect is not
seen in the 1964 series.
By contrast, red continuous light did not produce any
advancement in sexual maturity, in either series, as compared
to controls or to 12-hour photoperiod groups.

In fact, in

the 1968 series, the continuous red light mean age at maturity
(38.4 days) was quite close to that of the controls (38.1
days) and differed significantly (P < .05) from that of the
group exposed to continuous green light (36.1 days).
In summary, white continuous light, at either of the
intensity levels used, significantly lowers the age of sexual
maturity, as compared to 12-hour photoperiods of the same in
tensity.

Green continuous light can also be very effective in

this respect, while red continuous light is not.

Other

workers (223, 248) have observed considerable individual varia
tion in sensitivity to continuous light stimulation; such
differences in "threshold" would probably be most obvious early
in photosexual stimulation, and may account for the inconsistency
between the 1964 and 1968 series.

4.

Effect of Light Exposures on the
Vaginal Estrous Cycle

The first few estrous cycles following introitus are
usually irregular, regardless of lighting exposure.

After this

initial erratic period, cycles tended to stabilize in all
animals, with a normal length of 4 to 5 days, at least until
after 5 weeks of experimental lighting exposure, corresponding
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to 8 weeks of age.

By this time, all animals had matured,

and some had been cycling for two weeks.
At about 6 weeks of exposure, the continuouslylighted groups began to show lengthened periods of vaginal
cornification, with, again, wide variation among the animals
in each group in the onset and extent of this effect at first.
Animals in the same cage, however, tended somewhat to syn
chronize their cycles, even when these were prolonged.

The

increase in cornified smears was not due to frequent, or in
correct techniques of, smearing (126), since control and 12
hour-photoperiod groups were also smeared every day, using
the same procedure.
The typical prolonged-estrous smear consisted almost
entirely of angular, pale-staining cornified epithelial cells,
without nuclei.

Occasionally nucleated epithelial cells were

found, but these were also pale and angular, not small and
round as are those of normal proestrous smears.

Leucocytes

were never present in a smear classified as cornified.
After 8 weeks of exposure there were major differences
in the number of cornified smears obtained from controls and
12-hour photoperiod groups on the one hand, and continuouslylighted groups on the other.

Because the increase in cornifi-

cation was a progressive effect, smear data are presented in
Table 3 as the average proportion of daily smears which were
cornified for each group during a 10-day interval after 6ig and
I3ij weeks of exposure; these intervals were the last ten days
before autopsy.

Each individual rat's proportion of cornified
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TABLE 3
AVERAGE PROPORTION OF CORNIFIED SMEARS
OBTAINED IN 10-DAY INTERVALS AFTER
VARIOUS LIGHTING EXPOSURES
n

Average
Proportion

White continuous light
White 12-12 Dark

36
36

.789
.431

28% to 30 weeks
White continuous light
White 12-12 Dark

21
12

.962
.540

20
16
16
12
18

.815
.637
.625
.525
.483

10
11
10
9
10

.950
.667
.616
.333
.400

Lighting
200 microwatts/cm

2

6% to 8 weeks

100 microwatts/cm

2

6% to 8 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
13% to 15 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
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smears for each 10-day interval was transformed according to
the arc-sine percentage transformation and an analysis of
variance {see Appendix) was performed on the transformed data.
The comparisons among group means were made using Duncan's
multiple-range test.
2

At an intensity of 200 microwatts/cm , white con
tinuous light was extremely effective in prolonging vaginal
cornification, as compared to a 12-hour photoperiod of the
same intensity.

The difference was highly significant at 8

and at 30 weeks of exposure, and emphasizes the essentially
photoperiodic nature of the effect; a high intensity for only
12 hours a day does not produce a marked increase in vaginal
estrus.
The lower intensity of white continuous light is also
very effective in prolonging vaginal estrus; the proportion
of cornified smears obtained at 8 weeks (.815) and at 15
weeks (.950) is very significant (P ^ .01) greater than that
for controls or 12-hour photoperiod rats with the same length
of exposure.

It may be noted that no exposure used produced

the "constant estrus" often referred to in the literature.
Even among the rats exposed to white continuous light for 30
weeks, there were still some episodes of leucocytic smears,
although these probably did not reflect the occurrence of a
normal ovulatory cycle in these animals.
Neither red nor green continuous light produced a
significant increase in the proportion of cornified smears at
8 weeks of exposure, although the proportions obtained (.637
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and .625) were definitely larger than those from controls or
12-hour photoperiod animals (.483 and .525).

By 15 weeks of

exposure, both red and green continuous light, with propor
tions of .667 and .616, respectively, effected a very
significant (P ^ .01) increase in vaginal estrus as compared
to the 12-hour photoperiod of white light (.333), although
only moderately significant (P K, .05) as compared to control
lighting (.400).

It may be noted that the increase in signi

ficance of the red and green effects between 8 and 15 weeks
reflects a smaller proportion of control and 12-hour photo
period cornified smears more than it does a larger proportion
in the continuous light groups.

There was, however, less

variability among animals in continuous light by 15 weeks of
exposure; this fact also tends to increase significance.
To summarize, white continuous light at either inten
sity is extremely effective in prolonging vaginal cornification, while red and green continuous light are less effective.

5.

Effect of Light Exposure on Ovarian
Weight and Histology

Ovarian weight means for the various experimental
lighting exposures are shown in Table 4.

Because of the

differences in body weight means discussed previously, the
ratio of ovarian weight mean in mg. to 100 g. body weight mean
is also presented in the table for each group, to facilitate
comparisons.

It will be seen that these ratios differ mong

comparable treatments to about the same extent that the
ovarian weight means do.
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TABLE 4
OVARIAN WEIGHT MEANS AFTER EXPOSURE
TO VARIOUS LIGHTING CONDITIONS

Lighting
200 microwatts/cm

Ovarian
Weight
(mg. )
+ S •E •M •

Ratio
ov. wt
(mq. )
100 g.
Body wt

15
15

46.0 + 3.9
80.0
4.4

20.6
34.0

21
12

31.8
57.7

1.9
3.4

12 .0
20.0

9
10
11
9
5

58 .1
48.4
54.7
56.5
53.9

2.6
5.6
2.5
3.3
4.9

31.9
30.3
31.4
30.4
30.6

10
16
16
12
10

61.0
64.2
70.7
74.7
82.0

5.3
4.8
6.2
3.9
5.8

24.0
26.6
28.9
29.3
31.2

10
21
20
17
10

39.3
51.6
49.6
71.3
83.9

1.8
2.4
2.7
3.4
5.6

13. 7
19.5
18.3
27.2
27.6

n
2

8 weeks
White continuous light
White 12-12 Dark
30 weeks
White continuous light
White 12-12 Dark
100 microwatts/cm

2

4 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
8 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
15 weeks
White continuous light
Red continuous light
Green continuous light
White 12-12 Dark
Control
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The correlation coefficient of ovarian weight with
body weight has been calculated by Jackson for large groups
of rats (217) to be about .8 after puberty.

For the 4-week

control lighting group in this experiment, the correlation
coefficient was .84.

That is, heavier rats of the same age

may tend to have heavier ovaries, without experimental
lighting exposure.

Hence, statistical analysis of treatment

differences in ovarian weight must take into account the body
weight differences, even though some of the latter were
probably not due to treatments.
Analyses of covariance performed on the ovarian weight
data (see Appendix) revealed that many of the treatment
differences among means were significant even after correction
for body weight differences.

For all exposures, the covariance

analysis increased the precision of comparisons over an
ordinary analysis of variance, but it did not change the rank
of the means, or render differences among them significant which
were not significant by an ordinary analysis of variance.
Rather, since continuous light exposure tended to reduce both
both weight and ovarian weight, covariance adjustment of the
treatment means made the differences among them smaller, but
in most cases still significant.

Treatment differences among

regression coefficients were not significant for any length of
exposure.

Where the covariance analysis showed significant

treatment differences among ovarian weight means, the adjusted
means were compared using Wishart's method (376).
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White continuous light, at an intensity of 200 micro2
watts/cm , obviously had a very marked effect on ovarian
weight, both at 8 and at 30 weeks of exposure, as compared to
12 hours per day of the same intensity.

It is noteworthy that

even the rats exposed to 12 hours of the 200 microwatts/cm

2

intensity evidenced some diminution in ovarion weight after 30
weeks; this may be correlated with the slightly greater degree
of cornification observed in the same animals after 30 weeks.
Neither effect can be attributed to old age; the reproductive
life of the rat is at least one year.

But Everett (128) has

reported spontaneous persistent estrus with aging in some
strains of rats after 150 days of age (under ordinary daynight lighting), so perhaps such an effect occurred here.
Since no control rats were kept for such a long period, a
definite conclusion did not seem possible, but the possibility
that 12 hours per day of this high intensity might be slightly
stimulating to the gonads was one reason that a lower inten
sity was used for subsequent experiments.
2

Among the 4 week groups at 100 microwatts/cm , no
significant differences in ovarian weight were observed, with
or without adjustment for the differences in body weight.

Also

among the 8 week groups, differences among treatment means were
not significant, although comparison of the ovarian weight
means, or the ratios, for these groups shows that continuous
light exposure of all three colors was associated with some
what lower ovarian weights than was control or 12-hour photo
period lighting.
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By 15 weeks of exposure, differences among treatment
means for ovarian weight were highly significant, even after
adjustment for body weight.

Comparisons among the adjusted

treatment means, using Wishart's method, revealed that all
the continuous light groups, red, green and white, differed
significantly from the 12-hour photoperiod and control groups.
In every case the difference is highly (P^.001) significant,
but as is obvious from the means and the ratios, white light
was considerably more effective than red or green in reducing
ovarian weight.

It is interesting that at none of the

autopsy points chosen was an increase in ovarian weight under
continuous light found; such an effect is referred to in the
literature and was seen in individual rats but other rats in
each group apparently had suffered a decrease in weight, so
the averages were about the same.
Histological observations were correlated with the
observed decreases in ovarian weight.

A section of the typi

cal continuous-light-exposed ovary had a Swiss-cheese
appearance, with fluid-filled antra of unruptured follicles
making up a large part of its area.

Oocytes were often

degenerating, and fibroblasts were seen invading some
follicles.

In early stages of light exposure, both cystic and

atretic follicles were evident, and usually some corpora lutea.
As stimulation by light was prolonged, few corpora lutea per
sisted, interstitial tissue became reduced, and the ovary
appeared to be almost entirely made up of large cystic
follicles.

Occasionally follicles which appeared to be partly
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luteinized were observed; these were also unruptured, but had
what appeared to be lutein cells (large, pale, eosinophilic)
filling in the antral cavity.
The ovaries of rats exposed to 200 microwatts/cm

2

of

white light for 8 weeks had typical light-treated ovaries.
Large cystic follicles were present, along with follicles in
other stages of normal development, and a few small corpora
lutea.

By contrast the animals submitted to 12-hour photo

periods of this intensity has essentially normal ovaries, with
ripening follicles and numerous, apparently functional, corpora
lutea.

By 30 weeks at this high intensity, ovaries of rats in

continuous light were extremely follicular, typically with a
few very large follicles and little else; no functional corpora
lutea were seen.

At 30 weeks even the 12 hour photoperiod

animals at this higher intensity showed some evidence of stimu
lation; their ovaries were somewhat more follicular than
normal, but did contain many corpora lutea.
Among the 4 and 8 week at 100 microwatts/cm

2

no very striking differences appeared in the ovaries.

exposures,
Contin

uous white or red light did produce somewhat more follicular
ovaries than the 12 hour photoperiod or control lighting; the
green-exposed group did not even show this effect.

All 4 and

8 week ovaries had functional corpora lutea.
By 15 weeks of exposure at the lower intensity, gross
histological differences were evident among the ovaries,
according to light exposure.

The extreme case was associated

with white continuous light; the ovaries of these animals were
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very "holey" and follicular, smaller overall in cross section,
and had very few corpora lutea, probably none of functional
size.

By contrast the control or 12-hour photoperiod animals

had normal ovaries, made up mostly, in cross section, of
corpora lutea, with follicles in various stages of development
also evident.
Red or green continuous light at 15 weeks produced an
intermediate condition, with many large, often cystic,
occasionally atretic, or (rarely) luteinized, and also some
corpora lutea.

There was marked variation in response among

animals, many ovaries being entirely follicular, with no sign
of corpora lutea.
weights at autopsy.

These often were the ones with the lowest
The ovaries with the highest autopsy

weights, when fixed and sectioned, usually showed well-developed,
vascular aid apparently functional corpora lutea.

There were

not very many ovaries of this latter type, but there were a
few in both the red and the green continuous light groups, even
at 15 weeks of exposure.

This would seem to indicate that

ovulation was still occurring in these particular rats; the
corpus luteum does not continue to function more than a day or
two in the rat unless pregnancy or psuedopregnancy intervene.
These same rats were the ones which were still having some
diestrous-phase smears after 15 weeks of exposure, which would
confirm the histological appearance of functionality in their
corpora lutea.
As mentioned several times, the literature reports,
and these results confirm, considerable variation among indi
vidual rats in sensitivity to continuous light stimulation.
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The length of time reported to be required to develop per
sistent estrus and an anovulatory state under white continuous
light varies from 30 days (101) to 100 days (65, 148).

This

wide range doubtless reflects differences due to age, strain,
intensity and perhaps other factors, but a number of authors
mention observing individual rats more resistant than others
to lighting effects.

The relatively few rats which continued

to cycle and to ovulate after 15 weeks of exposure to red or
green continuous light are probably such resistant individuals.
However, since there were no animals presenting this ovarian
histology in the 15-week group under white continuous light,
and since the ovarian weight mean for white continuous light
exposure is considerably lower than that for red or green
exposure, it seems safe to conclude that white continuous
light is more effective in inducing the anovulatory micro
polycystic condition of the ovaries, than is red or green
continuous light of equal intensity.

6.

Penetration of Light Sources
into the Rat Brain

As explained earlier, the electric response of the
photodetector used varies quite markedly with the frequency
of the incident light, so that direct comparisons among the
actual magnitudes of readings taken under the three different
light sources would not be valid.

Hence the readings were

converted into percentages of the incident light from each
source, which seems legitimate since the detector's response,
measured in microamperes, varies directly with illumination

67

level, at least over the range of illumination involved.
It was also pointed out earlier that the slight temper
ature difference between external and internal measurements
would tend to distort the percentage transmitted a little up
ward.

The change in the cell's response, as indicated by th

manufacturer, is from 92% output at 25° C. to 99% output at
50° C. , and the temperature differential was less than 5° C.
In any case the amounts of light transmitted are very small:
of the order of a few microwatts/cm
of maximum visibility radiation.

2

or about one foot-candle

These amounts are of course

quite large enough to be perceived by the eye.
Table 5 shows the percentages of the various light
sources transmitted to different locations in the rat brain.
The locations of the implanted photodetector were verified in
stained sections, using a stereotaxic atlas (240) for compari
son.

Obviously the percentages vary a good deal with location,

but it should be emphasized that the readings were reproducible
that is, for a given implantation site, the reading obtained
for one light source could be verified again under that light
source, after other readings under other sources had been
taken.

Rotation of the light sources in this manner was

carried out for two of the four implantations, and for the
other two, the white reading was taken at the beginning, and
again after the red and green readings.

In every case, the

second reading varied less than 0.2 microampere from the first.
This verification process could not be carried on indefinitely
because post-mortem changes have been shown to affect
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TABLE 5
PENETRATION OF VARIOUS LIGHT
SOURCES INTO THE RAT BRAIN
- „ . .
Location of Detector

Reading
% of Outside
,
.
.__________ ___
___
(microamps)
Reading

Outside head

White
Red
Green

54
140
110

Hypotha1amus-1

White
Red
Green

.7
5.0
.5

1.3
3.6
.5

Hypo tha1amus-2

White
Red
Green

.9
3.2
.6

1.7
2.3
.5

Cerebellum

White
Red
Green

.8
4.0
1.3

1.5
2.9
1.2

Mammillary bodies

White
Red
Green

2.0
3.4
1.0

3.7
2.4
.9
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tissue permeability to light after 30 minutes or so (44,
45).
As Table 5 shows, the percentage transmission of red
light through the tissues of a rat's head is consistently
greater than that of green light, and in three out of four
locations, greater than that of white light.

In the exception,

the mammillary body implant, the detector came very close to
the dorsal surface of the brain.
These measurements then confirm the findings of Benoit
on the greater penetration of long-wavelength visible light
through tissues.

Some theoretical grounds for this finding

can be constructed.

Light transmitted through any medium is

subject to decrements of absorption and of scattering; the
sum of these depends in a complex way on the wavelength of the
impinging light.
The upper range of absorption of unpigmented proto
plasm is 2900-3000 Sngstrom units (96) (the ultraviolet sun
burn region), where absorption depends on the aromatic rings
of proteins (phenylalanine, tryptophan, tyrosine) and nucleoproteins (purines, pyrimidines).

Absorption by living things

of longer, visible wavelengths depends on the conjugation of
chromophoric configurations (26) in specific molecules such
as carotenoids, porphyrins and melanin, which would surely be
present in the tissues surrounding the brain.

According to

Beer's and Lambert's laws, absorption by a particular molecule
at a particular wavelength of light is directly proportional
to the concentration of that molecule (in solution), and
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exponentially related to the thickness of the solution
traversed by the light.

Thus if all the absorbing compounds

present and their absorption bands and concentrations were
known, this information might be used to account for absorp
tion in many bands across the visible spectrum.

From the

cytochrome c Soret band at 4150 Angstroms to the cytochrome a
band at 605 0 Angstroms there would be many bands due to the
various porphyrin compounds; beyond this are the flatter
absorption curves of carotenoids up to 6500 Angstroms {218,
292) and of melanin up to 8000 Sngstroms (218, 2 78).

With

the exception of melanin, there seem to be more absorbing
bands in the short visible wavelengths.

This is consistent

with the human eye's experience of blood-filled tissues; the
red wavelengths are not absorbed but reflected back.

An equal

proportion of these wavelengths will be transmitted, since
both transmittance and reflectance depend on the absorption
coefficient.
It should be noted that the absorption of colored
compounds in solution, described by Beer's and Lambert's laws,
is very different from the situation in the living cell.
There is a flattening and broadening of electronic absorption
bands when measured in cells.

A "sieve effect" (119) is

introduced by the fact that the pigment molecules are present
intracellularly as small dense particles instead of in solu
tion, and tend to optically shade each other from the incident
light.

There are probably other distortions of absorption

due to intermolecular forces in the heterogeneity of the
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living state, reducing the freedom of some molecules to
vibrate at certain frequencies.

There is also a special type

of scattering, the so-called "anomalous dispersion" effect,
which attenuates the transmitted light around the absorption
bands.

This kind of scattering is greatest on the long-

wavelength side of the bands and therefore tends to shift their
absorption toward the red (243, 244, 245).

All of these

effects would tend to obscure the pure absorption bands of
various compounds present in the tissues.
In any case, the electronic absorptions of specific
molecules probably contribute less to the decrement of trans
mitted light in living systems than do scattering effects.
The more general type of scattering occurs even with colorless
particles, because of the difference in index of refraction
between the particulate matter in the cells and the surround
ing aqueous medium.

According to Rayleigh's law, which was

derived for very small atmospheric particles, the intensity
of light scattered by particles of a given size is inversely
proportional to the fourth power of the wavelength of the
impinging light; short wavelengths are scattered more than
long ones.

But the scattered intensity for a given wave

length also increases with the sixth power of the radius of
the scattering particle (134); large particles scatter more.
In fact Rayleigh's relation may not hold for particles whose
size is the same order of magnitude as the wavelength of the
impinging light; this is the case for visible light (40007500 &) and proteins, which may be hundreds of Angstroms in
in diameter.

But in general scattering effects will still
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be wavelength-dependent; long wavelengths will be less
scattered than short ones, and thus tend to be transmitted
to a greater extent.
In a very general way, then, there is theoretical
explanation for the greater transmittance of red light
through tissues, due both to scattering and to absorption.
Especially in the absence of melanin's long-wave absorption
(which one would not expect to find in the albino rat), the
observed differences in penetration seem somewhat predictable.
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SECTION IV
SUMMARY AND CONCLUSIONS

Confirming the findings of other investigators, ex
posure of female rats to continuous white light was found to
accelerate sexual maturity, increase vaginal estrus, and de
crease ovarian weight after 8 to 15 weeks of exposure, as
compared to 12 hour photoperiods of the same white light.

A

higher intensity of white continuous light decreased ovarian
weight more quickly, but did not seem particularly more
effective in advancing the age of introitus or in prolonging
vaginal estrus.
Green continuous light at the same strength may
accelerate sexual maturity, but red continuous light was not
found to have this effect.

Both red and green continuous

light at the lower intensity produced marked increases in
vaginal cornification, but not to the same extent as white
continuous light.

Both red and green continuous light reduced

ovarian weight significantly by 15 weeks of exposure, as com
pared to 12 hour photoperiods of white light, but neither red
nor green was so effective as continuous white light in this
capacity.
These findings indicate that the action spectrum for
the photosexual effect in the female rat, as in ferrets and
birds, is quite different from that for perceptual vision.

The

green light source, with an energy peak near the peak of visual
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sensitivity, should be much more effective for vision than
the red; this could be confirmed even by a human observer, to
whom the green source seemed much brighter, even though its
2

total energy output was the same in microwatts/cm .

The

greater, or at least earlier, effectiveness of a higher in
tensity of white light in reducing ovarian weight demonstrates
that the lower intensity used for the color comparisons was
not a saturating level for the photosexual effect.

Red and

green light appear to be less effective than white light, and,
even more surprising, red and green showed about the same
effectiveness.
Several explanations are possible.

One is that there

is a "magic wavelength" around 6000 8 for the photosexual
effect in the rat which was present to a much greater degree
in the white source than in the green or red source.

This

seems unlikely from everything known about the visual process;
in general absorption and sensitivity have much broader wave
length distributions.

Another possibility is that the wave

lengths represented by the mercury resonance lines, in the
near-ultraviolet, are the most effective ones; these were
present to a greater degree in the white source than in the
green or red.

This is an interesting possibility because of

Ott's work on natural and artificial light's effect on
fertility (295).

However, if this explanation were correct,

the green source should be more effective than the red, because
it has a higher energy in this region.

A third possible

explanation for the effectiveness of white light could be that
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it activates two receptors, one in the hypothalamus and one
in the retina; while the green source activates only the
retinal receptor, and the red source, only the hypothalamic
one.

It was with this hypothesis in mind that the penetration

measurements were undertaken.

The somewhat crude results

indicate that indeed, more of the red light does penetrate to
the brain, and that an encephalic receptor could receive a
measurable amount of light in the rat, under the conditions
used.
Clearly further investigation is needed to explore
this possibility.

A possibly definitive experiment could be

performed with blinded rats under red light.

Another interest

ing series of experiments could be designed using optic
fibers stereotactically implanted in various parts of the
brain under various light sources, to determine the brain
receptor's action spectrum.

If no encephalic receptors can be

demonstrated with blinded animals, studies using narrow bands
of wavelengths - perhaps the new high-intensity mercury lamps would be needed to delineate the retinal action spectrum more
precisely, and explore the near-ultraviolet range more exactly.

76

BIBLIOGRAPHY

1.

Abplanalp, H .f A. E. Woodward and W. O. Wilson.
1962.
Effects of unnatural day lengths on maturation and
egg production in the Japanese Quail Coturnix
coturnix japonica. Poultry Sci. 41:1963-68.

2.

Abrams, M. E . , W. A. Marshall and A. P. D . Thomson. 1954.
Effect of cervical sympathectomy on the onset of
oestrus in ferrets. Nature (London) 174:311.

3.

Ackerman, Eugene. 1962. Biophysical Science.
Hall, Englewood Cliffs, N. J.

4.

Adams, J. C ., L. Wan and A, Sohler. 1965. Effect of
melatonin on anterior pituitary luteinizing hormone.
J. Endocrinol. 31:295-301.

5.

Alieva, J. J., M. V. Waleski, A. R. Alieva and E. J.
Umberger.
1968. Synchronizing effect of photo
periodicity on ovulation in hamsters. Endocrinol.
82:1227-35.

6.

Anton-Tay, F. and R. J. Wurtman.
1968. Stimulation of
HIOMT activity in hamster pineal glands by blinding
or continuous darkness. Endocrinol. 82:1245-46.

7.

Anton-Tay, F. et al. 1968. Brain serotonin concentration:
elevation following intraperitoneal administration of
melatonin. Science 162:277-78.

Prentice-

8 . Aschoff, J. 1954. Zeitgeber der tiereschen Tagesperiodik.
Naturwiss. 41:49-56.

9.

__________ . 1955. Jahresperiodik der Fortpflanzung beim
warmblutern. Studium Generale 8:742-76.

10 . __________ .
rhythms.
11 .

1963. Comparative physiology:
diurnal
Ann. Rev. Physiol. 25:581-600.

__________ . 1965. Circadian rhythms in man.
148:1427-32.

1 2 . __________ .

1965. Circadian Clocks.
Amsterdam.

13.

Science
-------

North-Holland,

Axelrod, J., P. D. Maclean, R. W. Albers and H. W.
Weissbach.
1961. Melatonin, pp. 307-311 in S. S.
Kety and J. Elkes, eds., Regional Neurochemistrv.
Pergamon, Oxford.

77

14.

Axelrod, J., R. J. Wurtman and S. H. Snyder.
1965.
Control of HIOMT activity in the rat pineal gland
by environmental lighting. J. Biol. Chem. 240:
949-54.

15.

Baggerman, B. 1959. Reproduction and migration in
fishes, pp. 24-37 in A. Gorbman, ed., Comparative
Endocrinology. Wiley, New York.

16.

Bagnara, J. T. 1957. Hypophysectomy and the taildarkening reaction in Xenopus. Proc. Soc. Exp. Biol.
Med. 94:572-4.

17.

Baker, J. R. and R. M. Ranson.
1932. Light and breed
ing in Microtus. Proc. Roy. Soc. B 110:313-22.

18.

Barraclough, C. A. 1961. Production of anovulatory,
sterile rats by a single injection of testosterone
propionate. Endocrinol. 68:62.

19.

__________ . 1963. Control of FSH and LH secretion.
in
A.V. Nalbandov, ed., Advances in Neuroendocrinology.
Univ. of Illinois, Urbana.

20 . __________ and R. A. Gorski.
1961. Evidence that the
hypothalamus is responsible for androgen-induced
sterility in the female rat. Endocrinol. 68:68.
2 1 . __________ and S. Yrarrazaval.

1961. Specific hypo
thalamic sites at which progesterone acts to
facilitate ovulation in the rat. Comm. 43rd Endo
crine Soc. Meeting. New York.

22 . __________ , __________ and R. Hatton.
1964. A possible
hypothalamic site of action of progesterone in the
facilitation of ovulation in the rat. Endocrinol.
75:838-845.
23.

Bartholomew, G. A. 1949. The effect of light intensity
and day length on reproduction in the English
Sparrow. Bull. Mus. Comp. Zool. Harvard. 101:433.

24.

__________ • 1953. The modification by temperature of
the photoperiodic control of gonadal development in
the lizard Xantusia vigilis. Copeia 1953:45-50.

25.

Baum, M. J. 1968. Pineal gland: Influence on develop
ment of copulation in male rats. Science 162:586-7.

26.

Bauman, R. P.
New York.

1962.

Absorption Spectroscopy.

Wiley,

78

27.

Becher, H. 1954. Uber ein Vegetatives, Zentralnervoses
Kernegebiet in der Netzhaut des Menschen und der
Saugetiere. Acta Neuroveget. (Vienna) 8:421.

28.

__________ . 1956. Weitire Untersuchungen uber den
feineren Bau der Retina. Anat. Anz. 102:420.

29.

Becker, H. E. and R. A. Cone. 1966. Light-stimulated
electrical responses from skin. Science 145:1051-53.

30.

Benoit, J. 1938. Role des yeux et de la voie nerveuse
oculo-hypophysaire dans la gonadostimulation par la
lumiere artificielle chez le Canard domestique.
Compt. Rend. Soc. Biol. (Paris) 129:231.

31.

__________ . 1938. Action de divers ^clairements
localises dans la region orbitaire sur la gonado
stimulation chez le Canard male impubere:
Croissance testiculaire provoqu^e par 1 '£clairement
direct de la region hypophysaire. Comptes Rendus
Soc. Biol. 127:909.

32.

__________ . 1961. Opto-sexual reflex in the duck:
physiological and histological aspects. Yale J. Biol.
Med. 34:97-116.

33.

__________ . 1962. Hypothalamo-hypophyseal Control of
Sexual Activity in Birds. Gen. Comp. Endocrinol.
Suppl. 1. 254-2 72.

34.

__________ . 1964. The role of the eye and of the hypo
thalamus in photostimulation of gonads in the duck,
in H. E. Whipple, ed. Photo-neuro-endocrine Effects
in Circadian Systems, with Particular Reference to
the Eye. Ann. N. Y. Acad. Sci. 117:1:204-215.

35.

__________ and I. Assenmacher.
1953. Role des photorecepteurs superficial et profond dans la gonado
stimulation par la lumiere chez les oiseaux. J.
Physiol. (Paris) 45:34-37.

36.

__________ , __________ . 1954. Sensibilit^ comparees des
recepteurs superficiels et profonds dans le r^flexe
photo-sexuel chez le Canard. Compt Rend. Acad. Sci.
239:105-107.
---

37.

Benoit, J. and I. Assenmacher. 1959. The control by
visible radiations of the gonadotrophic activity of
the duck hypophysis. Recent Progress in Hormone
Res. 15:143-64.

79

38.

39.

______ , ___________ and E. Brard. 1955. Evolution
testiculaire du Canard domestique maintenu a
l'obscurite totale pendant une longue duf^e. Compt.
Rend. Acad. Sci. 241:251-3.
, ______ , ______ . 1956. Etude de Involution
testiculaire du Canard domestique soumis a tres jeune
a un ^clairement artificiel permanent pendant deux
ans. Compt. Rend. Acad. Sci. 242:3113-15.

40.

______ , _________ , and F. X. Walter. 1952. Differ
ences de sensibilite de la retine du canard aux
radiations color^es dans le reflexe pupillaire et
dans le rCflexe optosexuel. Compt. Rend. Soc. Biol.
146:1027.

41.

, ______ , ______ . 1953. Dissociation experimentale
des roles des recepteurs superficiel et profond dans
la gonadostimulation hypophysaire par la lumiere chez
le Canard. Compt. Rend. Soc. Biol. 147:186.

42.

______ and R. Kehl. 1939. Nouvelles recherches sur
les voies nerveuses photoreceptrices et hypophysostimulantes chex le Canard domestique. Compt. Rend.
Soc. Biol. 131:89.

43.

_________ and L. Ott. 1944. Extrinsic and intrinsic
factors in sexual activity. Yale J. of Biol. Med.
17:26-46.

44.

_________ , L. Tauc and I. Assenmacher.
1954. Mesure
photo^l^ctrique des radiations visibles jusq'au
cerveau, chez le Canard domestique. Compt. Rend.
Acad. Sci. 239:451-53.

45.

, ______ ,
1954. Nouveaux resultats de
misure photo€lectrique iusqu'au cerveau par le d&€e
et de la sommet de la tete, chez les Canards blancs
et pigment&s. Compt. Rend. Acad. Sci. 239:508-510.

46.

__________ , F. X. Walter and I. Assenmacher. 1950.
Nouvelles recherches relatives a 1*action de lumi^res
de differentes longuers d'onde sur la gonadostimula
tion du Canard domestique. Compt. Rend. Soc. Biol.
144:1206.

47.

Benoit, J., F. X. Walter and I. Assenmacher.
1950.
Contribution a l'^tude du i^fiexe optophypophysaire
gonadostimulation chez le Canard soumis "k des
radiations lumineuses de divers longeurs d'onde.
J. Phys. (Paris) 42:537-41.

80

48.

______ , ______ .
.1952. Differences de
sensibilite de la retine du canard aux radiations
color^es dans le refl^xe pupillaire et dans le
r&fi^xe optosexual. Compt. Rend. Soc. Biol. 146:102 7.

49.

Berlyne, D. E., P. H. Salapatek, R. S. Gelman and S. L.
Zener.
1964. Is light increment really rewarding
to the rat? J. Comp. Physiol. Psych. 58:148-151.

50.

Bissonette, T. H. 1931. Studies on the sexual cycles
in birds. V. Effects of white light of different
intensities on the testis activity on the European
Starling. Physiol. Zool. 4:542-74.

51.

__________ .
1931. Experimental modification of the
sexual cycles in males of the European Starling Sturnus
vulgaris by changes in the daily period of illumina
tion and of muscular work. J. Exper. Zool. 58:281-320.

52.

__________ .
1932. Studies on the sexual cycles in birds:
VI. The effects of white, green cr red lights of
equal luminous intensities on the testis activity of
the European Starling. Physiol. Zool. 5:92-123.

53.

__________ . 1932. Modification of mammalian sex cycles:
reactions of ferrets (Putorius vulgaris) of both
sexes to electric lights added after dark in November
and December. Proc. Roy. Soc. B 11:322-36.

54.

__________ . 1935. Relations of hair cycles in ferrets
to changes in the anterior pituitary and to light
cycles.
Anat.Rec. 63:159.

55.

_

56.

__________ . 1938. Influence of light on the hypophysis:
effects of long-continued night lighting on hypophysectomized female ferrets and those with optic
nerves cut. Endocrinol. 22:92.

57.

Bissionette, T. H. 1941. Experimental modification of
breeding cycles in goats. Physiol. Zool. 14:3 79-83.

58.

__________ and A. G. Csech.
1939. A third year of modi
fied breeding behavior with Raccoons. Ecology 20:
155-62.

59.

Bloch, S. 1964. Research in the effect of light and dark
ness on the genital function of the mouse. Rev. Suisse
Zool. 71:687-707.
------

. 1936. Sexual photoperiodism.
Biol..11:371.

Quart. Rev.

81
60.

Blumcke, S. 1961. Vergleichend experimentellmorphologische zur Frage einer retinohypotha1amischen Bahn bei Huhn, Meerschweinchen und
Katze. Z. Mikroskop. Anat. Frosch. 67:469-513.

61.

Bogdanov, E. M. 1963. Direct gonad-pituitary feedback;
an analysis of the effects of intracranial estro
genic depots on gonadotrophic secretion. Endocrinol.
73:696.

62.

__________ and H. C. Schoen. 1959. Precocious sexual
development in female rats with hypothalamic lesions.
Proc. Soc. Exper. Biol. Med. 100:664.

63.

Braden, A. W. H. 1957. Relationship between the diurnal
light cycle and the time of ovulation in mice. J.
Exper. Biol. 34:177.

64.

Bradshaw, M. and V. Critchlow.
1966. Pituitary content
of luteinizing hormone in three types of constantestrus rats. Endocrinol. 78:1007.

65.

Bratt, H. M. Pupkin, C. W. Lloyd, J. Weisz and K. Balogh.
1968. Dehydrogenases in the rat ovary. II. A
histochemical study of steroid and carbohydratemetabolizing enzymes in micropolycystic ovaries in
duced by constant light. Endocrinol. 83:329-35.

66 . Browman, L. G. 1937. Light and its relation to activity
and estrous rhythms in the albino rat. J. Exper.
Zool. 75:375.

67.

__________ . 1943. The effect of controlled temperatures
on activity of the albino rat. J. Exper. Zool. 94:
477.
“
----

68 .

Brownstein, M. J. and A. Heller. 1968. HIOMT activity:
effect of sympathetic nerve stimulation. Science
162:367-8.

69.

Bruno, M. S. and D. Kennedy.
1962. Spectral sensitivity
of photoreceptor neurons in the sixth ganglion of the
crayfish. Comp. Biochem. Physiol. 6:41-46.

70.

Bunn, J. P. and J. W. Everett.
1957. Ovulation in per
sistent estrus rats after electrical stimulation of
the brain. Proc. Soc. Exper. Biol. Med. 96:369-71.

71.

Bunning, E. 1936. Die endogene Tagesrhytmik als
grundlage der photoperiodischen Reaktion. Ber. deut.
botan. Ges. 54:590-607.

82

72.

__________ .
1957, Endogenous diurnal cycles of activity
in plants, pp. 11-126 in D. Rudnick, Rhythmic and
Synthetic Processes in Growth, Princeton Univ.,
Princeton.

73.

__________ .
1958. Die physiologische Uhr.
Springerverlag, Berlin.

74.

__________ .
1960. Circadian rhythms and the time
measurement in photoperiodism. pp. 249-256 in Cold
Spring Harbor Symposium on Quantitative Biology vol.
25. "Biological Clocks." The Biological Laboratory,
Cold Spring Harbor, N. Y.

75.

Burger, J. W. 1943. Some effects of colored illumina
tion on the sexual activiation of the male starling.
J^. Exper. Zool. 94:161-8.

76.

__________ .
1949. A review of investigations on
seasonal reproduction in birds. Wilson Bull. 61:211.

77.

Burkhart, J. 1947. Transition from anoestrus in the
mare and the effect of artificial lighting. J. Agric.
Soc. 3 7:64-68.

78.

Byerly, T. C. 195 7.
Sci. 36:465-68.

79.

Chalazonitis, N. 1964.
neuronal membranes.
539-559.

80.

Chowers, I. and S. M. McCann.
1965. Content of LH*RF
during the estrous cycle and after changes in gonadal
steroid titers. Endocrinol. 76:700-708.

81.

Chu, E. W . , R. J. Wurtman and J. Axelrod. 1964. An
inhibitory effect of melatonin on the estrous phase
of the estrous cycle of rodents. Endocrinol. 75:
238-242.

82.

Clark, W., E. leGros, T. McKeown and S. Zuckerman. 1939.
Visual pathways concerned in gonadal stimulation in
ferrets. Proc. Roy. Soc. B 126:449.

83.

Clarke, J. R, and J. P. Kennedy. 1967. Effect of light
and temperature upon gonadal activity in the vole
(Microtus agrestis). Gen. Comp. Endocrinol. 8:474-88.

84.

Cohen, R. A., R. J. Wurtman, J. Axelrod and S. H. Snyder.
1964. Some clinical, biochemical and physiological
actions of the pineal gland. Ann. Intern. Med. 61:
1144-61.

Light and egg production.

Poultry

Light energy conversion in
Photochem. and Photobiol. 3:

83

85.

Colombo, J. A. 1968. Ovarian activity in testosteronesterilized female rats during continuous illumina
tion, <J. Endocrinol. 42:1-4.

8 6 . Colvin, G. B., D. I. Whitmoyer and R. D. Lisk.
1968.
Changes in sleep-wakefulness in female rats during
circadian and estrous cycles. Brain Res. 7:173-81.

87.

Coppola, J. A. 1968. The apparent involvement of the
sympathetic nervous system in gonadotrophin secre
tion of female rats. J. Reprod. Fertil. Suppl. 4:
4:35-45.

88.

Corbin, A. and J. C. Story. 1967. Internal feedback
mechanism: response of pituitary FSH and stalkmedian eminence FSH-RF to median eminence implants
of FSH. Endocrinol. 80:1006.

89.

Craig, R. E. 1964. Radiation measurement in photobio
logy: choice of units. Photochem. and Photobiol.
3:189-94.

90.

Critchlow, V. 1958. Ovulation induced by hypothalamic
stimulation in the anaesthetized rat. Amer. J.
Physiol. 195:171.

91.

__________ . 1963. The role of light in the neuro
endocrine system, pp. 377-402 in A. V. Nalbandov,
ed. Advances in Neuroendocrinology. Univ. Illinois,
Urbana.

92.

__________ and J. deGroot.
1960. Experimental investi
gation of pathways involved in light-induced constant
estrus in the rat. Anat. Rec. 136:179.

93.

Cross, B. A. and J. D. Green. 1959. Activity of single
neurones in the hypothalamus; effect of osmotic and
other stimuli. J. Physiol. (London) 148:554-569.

94.

Cross, B. A. and I. A. Silver. 1964. Effect of luteal
hormone on the behavior of hypothalamic neurones in
pseudopregnant rats. J. Endocrinol. 31:251-263.

95.

D'Angelo, S. A. and A. S. Kravatz. 1960. Gonadotropic
hormone function in persistent estrus rats with
hypothalamic lesions. Proc. Soc. Exper. Biol. Med.
104:130.
— -- ---- ---

96.

Daniels, F. Jr. Adaptation to the environment; man and
radiant energy: solar radiation, pp. 969-989 in
the Handbook of Physiology Section 4. American
Physiol. Soc., Washington.

84

97.

deGroot, J. and V. Critchlow. 1960. A study of the
pathways involved in light-induced constant estrus
in the rat. Acta Endocrinol. 35, Suppl. 1:1.

98.

delraldi, A. P., L. M. Zieher and E. deRobertis.
1963.
5-hydroxy-tryptophane content and synthesis in
normal and denervated pineal gland. Life Sci. 9:691.

99.

de la Motte, I. 1963. Investigations of the compara
tive physiology of photosensitivity of blinded fish.
Naturwiss. 50:363.

100 . deMairan, Jean-Jacquez.
1729. Observation botanique.
Histoire de l'Academie Royale des Sciences, Paris,
p. 35.
101 . Dempsey, E. W. and H. F. Searles. 1943. Environmental
modification of certain endocrine phenomena.
Endocrinol. 32:119-28.
102 . Dervan, E. M. 1967. On the possibility of a perfect
rhythm method of birth control by periodic light
stimulation. Amer. J. Obstet. Gyn. 99:1016-9.

103.

Desclin, L. 1953. Action d'un eclairage continue ou
I'obscurit!^ permanente sur la croissance des jeuns
chez le rat normal lactant ou ch^tr^. Ann. Endo
crinol. (Paris) 14:472.

104.

DeWilde, J. , C. S. Duintjer and L. Mook. 1959. Physio
logy of diapause in the adult Colorado beetle
Leptinotarsa decemlineata Say. I. The photoperiod
as controlling factor. J. Ins. Physiol. 3:75-85.

105.

Dodt, E. 1963. Photosensitivity of the pineal organ
in the teleost Salmo iridens. Experientia 19:642-3.

106.

__________ , R. M. Copenhaver and R. D. Gunkey. 1959.
ERG measurement of spectral sensitivity in albinos,
Caucasians and Negroes. A.M.A. Arch. Opthamol. 62:
795-803.

107.

__________ , and E. Heerd. 1962. Mode of action of
pineal nerve fibers in frogs. J. Neurophysiol. 25:
405-29.
“
----

108.

__________ , and M. Jacobsen.
1963. Photosensitivity of
localized region of the frog diencephalon. J.
Neurophysiol. 26:752-58.

109.

Donaldson, H. H. 1924. The Rat: Data and Reference
Tables for the Albino Rat (Mus norvegicus albinua)
and the Norway rat (Mus norvegicus). Wistar
Institute, Philadelphia.

85
110.

Donovan, B. T. 1967. The effect of light upon repro
ductive mechanisms as illustrated by the ferret,
pp. 43-52 in G.E.W. Wohlstenholme, ed. Effects of
External Stimuli on Reproduction. CIBA Foundation
Study Group no. 26. Little-Brown, Boston.

111 .

1967. Light and the control of the oestrus
cycle in the ferret. J. Endocrinol. 39:105-113.

112 .

and G. W. Harris. 1956. The effect of
pituitary stalk section on light-induced estrus in
the ferret. J. Physiol. (London) 131:102-114.

113.

and __________ . 1956.
"Cervical sympathetic
system and light induced estrus in the ferret."
J. Physiol. 32:123-29.

114.

115.

_____
and J. J. van der Werff ten Bosch. 1956.
Oestrus in winter following hypothalamic lesions in
the ferret. J. Physiol. (London) 132:57P.
and __________ . 1956. Precocious puberty in
rats with hypothalamic lesions. Nature (London)
178 745.

116.

__________ and _________ . 1959. The hypothalamus and
sexual maturation in the rat. J. Physiol. (London)
147:78.

117.

__________ and _________ . 1959. The relationship of
the hypothalamus to oestrus in the ferret. J.
Physiol. (London) 147:93.

118.

Dutt, R. H. 1960. Temperature and light as factors in
reproduction among farm animals. J. Dairy Sci. 43
Suppl.:123-44.

119.

Duysens, L. N. M. 1956. The flattening of the absorp
tion spectrum of suspensions as compared to that of
solutions. Biochem. Biophys. Acta 19:1-12.

120 . Eakin, R. M. 1961. Photoreceptors in the amphibian
frontal organ. Proc. Nat. Acad. Sci. 47:1084-88.
121 . __________ and J. A. Westfall.
1960. Fine Structure of
the retina in the reptilian third eye. J. Biophys,
Biochem. Cytol. 8:483-99.
122.

and _________ . 1961. Ultrastructure of
pineal in Lampetra. Embryologia 6:84-89.

123.

Eaton, 0. N. and V. L. Simmons. 1953. Inducing extraseasonal breeding in goats and sheep by controlled
lighting. U.S. Dept. Agric. Circular 933, pp. 1-16,

86

124.

Ebels, I and Prop, N. 1965. A study of the effect of
of melatonin on the gonads, the oestrus cycle and
the pineal organ of the rat. Acta Endocrinol.
(Kobenhavn) 49:567-77.

125.

Emme, A. 1960. Photoperiodic reactions in reproduction.
Uspekhi Sovremennyoi Biol. 49:240-59.

126.

Emery, F. E. and E. L. Schwabe. 1936. The vaginal
smears of rats as influenced by frequent examina
tions. Anat. Rec. 64 Suppl.:89-90.

127.

Erikson, L. B. 1964. Light-dark periodicity and the
rhesus monkey menstrual cycle. Fertil Steril. 15:
352-66.

128.

Everett, J. W. 1942. Certain functional interrelation
ships between persistent estrus, "light estrus" and
short day anestrus in the albino rat. Anat. Rec. 82:
409.

129.

__________ . 1961. The preoptic region of the brain and
its relation to ovulation, pp. 101-21 in C. Villee,
ed. The Control of Ovulation. Pergamon, New York.

130.

__________ . 1964. Central neural control of repro
ductive functions of the adenohypophysis. Physiol.
Rev. 44:373.

131.

__________ . 1967. Provoked ovulation or long-delayed
pseudopregnancy from coital stimuli in barbiturateblocked rats. Endocrinol. 80:145-154.

132.

and C. H. Sawyer. 1950. 24-hour periodicity
in LH-release apparatus of female rats disclosed by
barbiturate sedation. Endocrinol. 47:198.

133.

______ , ______ and J. E. Markee. 1949. A neurogenic
timing factor in the control of the ovulatory dis
charge of luteinizing hormone in the cyclic rat.
Endocrinol. 44:234-50.

134.

Fabellinskii, I. L. 1968. Molecular Scattering of
Light. Plenum, New York.

135.

Farner, D. S. 1959. Photoperiodic control of annual
gonadal cycles in birds, pp. 717-50 in R. B.
Withrow, ed. Photoperiodism and Related Phenomena in
Plants and Animals. Amer. Assn. Adv. Sci., Washington.

136.

Farner, D. S. 1961. Comparative Physiology:
periodism. Ann. Rev. Physiol. 23:71-96.

Photo

87

137.

__________ .
1962. Hypothalamic neurosecretion and
phosphatase activity in relation to the photoperiodic
control of the testicular cycle of Zonptrichia
leucophrys gambelii. Gen. Comp. Endocrinol. 1
Suppl.: 160-67.

138.

__________ .
1964. Photoperiodic control of reproduc
tive cycles in birds. Amer. Sci. 52:137-56.

139.

__________ .
1964. Time measurement in vertebrate
photoperiodism. Amer. Naturalist 98:375.

140.,

__________ .
1965. Circadian systems in the photoperiodic responses of vertebrates, pp. 357-369 in
J. Aschoff, ed. Circadian Clocks. North Holland,
Amsterdam.

141.

__________ and B. K. Follett.
1966. Light and other
environmental factors affecting avian reproduction.
J. Anim. Sci. 25 Suppl: 90-118.

142.

__________ and A. Oksche.
1962. Neurosecretion in
birds. Gen. Comp. Endocrinol. 2:113-147.

143.

Farris, E. J. 1950. The Care and Breeding of Labora
tory Animals. Wiley, New York.

144.

Feldman, S. 1964. Visual projections to the hypothala
mus and preoptic area. pp. 53-68 in H. E. Whipple,
ed. Photoneuroendocrine Effects in Circadian
Systems Ann. N. Y. Acad. Sci. vol. 117, article 1.

145.

Ferguson, D. J. 195 7. Effects of hypophysectomy on
daily temperature variation in C..H mice. Amer. J.
Physiol. 190:235-8.
J

146.

Fevold, F. H. 1941. Synergism of the folliclestimulating hormone and the luteinizing hormone in
producing estrogen secretion. Endocrinol. 28:33.

147.

Fiske, V. M. 1939. Effects of light and darkness on
the pituitary of the rat. Proc. Soc. Exper. Biol.
Med. 40:189.

148.

__________ .
1941. Effect of light on sexual maturation,
estrous cycles and anterior pituitary of the rat.
Endocrinol. 29:187.

149.

__________ .
1964. Serotonin rhythm in the pineal organ:
control by the sympathetic nervous system. Science
146:253-4.

150.

__________ .
1968. Melatonin action on pineal varies
with photoperiod. Science 162:2 79.

88

151.

______ and R. 0. Greep. 1959. Neurosecretory
activity in rats under conditions of continuous
light or darkness. Endocrinol. 64:175.

152.

______ , G. K. Bryant and J. Putnam.
1960.
of light on the weight of the rat pineal.
Endocrinol. 66:489-91.

153.

. J. Pound and J. Putnam. 1962. Effect of
light on the weight of the pineal organ in hypophysectomized, gonadectomized, adrenalectomized,
or thiouracil-fed rats. Endocrinol. 71:130-4.

Effect

154.

Flaraent-Durand, J. 1965. Action de la lumiere sur les
noyaux hypo tha 1antiques chez le rat. Ann. Endo .
26:609-13.

155.

__________ and L. Desclin. 1960. Action d'un eclairage
permanente sur les neurones et le neurosecretat des
noyaux hypothalmiques du rat. Compt. Rend Soc. Biol,
154:1513.

156.

and
. 1967. Action de la
lumiSre sur les noyaux supra-optiques chez le rat
normal, le rat chatre et le rat chcltre porteur d'une
greffe d'ovaire dans la rate. Ann. Endo. 28:240-44.

157.

Flerko, B. 1957. Le r&le des structures hypothalamiques
dans 1'action inhibitrice de la folliciline sur la
secretion de 1*hormone folliculo-stimulante. Arch.
Anat. microscop. Morphol Exptl. 46:159.

158.

__________ . 1960. Die Rolle von Neurenstrukturen des
Vorderen Hypothalamus in der auf sexual hormonwirkung
beruhenden Regulation der gonadotrophen Adenohypophysen funktion.
Symposia Biol. Hung. 1:79.

159.

__________ . 1963. The central nervous system and
secretion and release of LH and FSH. pp. 211-224 in
A.V. Nalbandov, ed. Advances in Neuroendocrinology.
Univ. Illinois, Urbana.

160.

__________ and V. Bardos. 1961. Absence of ovarian com
pensatory hypertrophy in rats with anterior hypo
thalamic lesions. Acta Endocrinol. 36:180.

161.

and J. Szentagothai. 1954. Oestrogen sensitive nervous structures in the hypothalamus.
Acta Endocrinol. 26:121.

162.

Follett, B. K. and D. S. Farner.
1966. Pituitary Gonado
tropins in the Japanese quail (C. coturnix japonica)
during photoperiodically induced gonadal growth, and
the effects of daily photoperiod on gonadal growth,

89

neurohypophysial hormone content, and neurosecre
tion in the hypothalamo-hypophysial system of the
Japanese quail. Gen. Comp. Endocrinol. 7:111-31.
163.

Fox, G. and T. S. Morris. 1958. Flash lighting for
Egg production. Nature 182:1752-3.

164.

Fox, W. and H. C. Dessauer. 1958. Response of the
male reproductive system of lizards (Anolis
carolinenesis) to unnatural day lengths in different
seasons. Biol. Bull. 115:421-39.

165.

Fraenkel-Conrat, H ., C. H. Li, M. E. Simpson and H. M.
Evans. 1940. Interstitial-cell-stimulating hormone
I. Biological properties. EndocrinQl. 27:7 3.

166.

__________ , M. E. Simpson and H. M. Evans. 1940.
Purification of the follicle-stimulating hormone of
the anterior pituitary. Proc. Exper. Biol. Med.
45:627.

167.

Frank, R. N. and J. E. Dowling.
1968. Rhodopsin photo
products: effects on ERG sensitivity in isolated
perfused rat retinas. Science 161:487-8.

168.

Fraschini, F., B. Mess and L. Martini.
1968. Pineal
gland, melatonin and the control of LH secretion.
Endocrinol. 82:919.

169.

_______ , _______ , F. Piva and L. Martini.
1968. Brain
receptor sensitive to indole compounds; function in
LH secretion. Science 159:1104-5.

170.

Furchgott, R. F. 1955. Light-induced contractions in
smooth muscle of mammalian skin arteioles. J.
Pharmacol. Exper. Therap. 113:22-3.

171.

Ganong, W. F. et^ al^. 1963. Penetration of light into
the brain of mammals. Endocrinol. 72:962-3.

172.

Gaston, S. and M. Menaker. 1968. Pineal function; the
biological clock in the sparrow. Science 160:1125-7.

173.

Gellert, R. J. and W. F. Ganong. 1960. Precocious
puberty in rats with hypothalamic lesions. Acta
Endocrinol. 33:569.

174.

Giese, A. C.
York.

175.

Gorski, R. A. 1966. Localization and sexual differ
entiation of the nervous structures which regulate
ovulation. J. i^eprod. Fertil. Suppl. 1:67-8.

1964.

Photophysioloqy.

Academic, New

90

__________ . 196 7. Localization of the neural control
of luteinization in the feminine male rat. (FALE).
Anat. Rec. 157:63-9.

177.

and C. A. Barraclough.
1961. Progesteroneinduced storage of pituitary gonadotropin in per
sistent estrus rats. Fed. Proc. 20:187.

_

176.

178.

__________ and__________ . 1963. Effects of low doses
of androgens on the differentiation of hypothalamic
regulatory control of ovulation in the rat.
Endocrinol. 73:210.

179.

Granit, R. 1945. The electrophysiological analysis of
the fundamental problem of colour reception. Proc.
Phys. Soc. (London) 57:447-60.

180.

Greene, R. R . , M. W. Burrell and A. C. Ivy. 1939.
Experimental intersexuality:
the effects of antenatal
androgens on sexual development in female rats.
Amer. J. Anat. 65:415.

181.

Greenwald, G. S. 1963. Failure of continuous light to
induce constant estrus in the hamster. J. Endocrinol.
28:123-4.

182.

Greep, R. O . , H. B. van Dyke and B. F. Chow. 1942.
Gonadotropins of the swine pituitary. Endocrinol. 30:
636-49.

183.

Greer, M. A. 1963. Effect of progesterone on persistent
estrus produced by hypothalamic lesions in the rat.
Endocrinol. 53:380-90.

184.

Gresson, R. A. R. 1940. The effect of increased daily
illumination and of reversed day and night on the
estrous cycle of the mouse. Proc. Roy. Soc. Edinburgh. 60:333-43.

185.

Gurr, E. 1962.
more .

186.

Hafez, E. S. E. 1952. Studies on the breeding season
and reproduction of the ewe. J. Agric. Sci. 42:
190-263.
"

187.

Halasz, B. and R. A. Gorski. 1967. Gonadotropic hormone
secretion in female rats after partial or total
interruption of neural afferents to the medial basal
hypothalamus. Endocrinol. 80:608-22.

188.

Halasz, B. and L. Pupp. 1965. Hormone secretion of the
anterior pituitary after physical interruption of
all nervous pathways to the hypophysiotropic area.
Endocrinol. 77:556-62.

Staining.

Williams and Wilkins, Balti

91

189.

__________ , __________ , L. Uhlarik and L. Tima. 1965.
Further studies on the hormone secretion of the
anterior pituitary transplanted to the hypophysiotropic area of the rat hypothalamus. Endocrinol.
77:343-55.

190.

Halberg, F. 1960. Temporal coordination of physio
logic function, pp. 289-310 in Cold Spring Harbor
Symposium on Quantitative Biology, vol. 25, Bio
logical Clocks.

191.

Halberg, F., E. Halberg, C. P. Barnum and J. J. Bittner.
1959. Physiologic 24-hour periodicity in human
beings and mice, the lighting regimen and the daily
routine, pp. 803-878 in R. B. Withrow, ed.
Photoperiodism. Amer. Assn. Adv. Sci., Washington.

192.

Hammond, J. Jr. 1951. Control by light of reproduc
tion in ferrets and mink. Nature (London) 167:
150-51.

193.

__________ . 1952. Control of reproduction and pelt
changes in ferrets; some experiments with animals
kept entirely in artificial light. J. Aaric. Sci.
42:293-303.

194.

__________ . 1954. Light regulation of hormone secre
tion. Vitamins and Hormones 12:157-206.

195.

__________ . 1964. The Breeding Season of the Female
Ferret; on Natural Lighting and on Day of Constant
Length and Intensity. Haffner, Cambridge.

196.

Hamner, K. C. 1960. Photoperiodism and circadian
rhythms, pp. 269-78 in Cold Spring Harbor Symposium
on Quantitative Biology, vol. 25; Biological Clocks.

197.

Harrington, F. E., R. G. Eggert, R. D. Wilbur and W. H.
Linkheimer.
1966. Effect of coitus on chlorpromazine inhibition of ovulation in the rat. Endocrinol.
79:1130-34.

198.

______ , ______ ,
. 1967. Induction of ovulation
in chlorpromazine-blocked rats. Endocrinol. 81:87781.
----------

199.

Harrington, R. W. 1959. Photoperiodism in fishes in
relation to the annual sexual cycle, pp. 651-665,
in R. B. Withrow, ed. Photoperiodism. Amer. Assn.
Adv. Sci., Washington.

200 .

Harris, G. W. 1964. Sex hormones, brain development
and brain function. Endocrinol. 75:627-47.

92
201.

__________ and R. P. Michael.
1964. The activation of
sexual behavior by hypothalamic implants of estrogen.
J. Physiol. (London) 171:275-301.

202 .

Hart, D. S. 1950. Photoperiodicity in Suffolk sheep.
J. Aqric. Sci. 40:143-9.

203.

__________ .
ferret.

204.

Hastings, J. W. and B. M. Sweeney.
195 7. On the
mechanism of temperature independence in a biological
clock. Proc. Nat. Acad. Sci.. 43:804-11.

205.

Hayhow, W. R., C. Webb and A. Jervie. 1960.
accessory optic fiber system in the rat.
Neurol. 115:187.

206.

Hemmingsen, A. M. and N. B. Krarup.
1937. Rhythmic
diurnal variations in the oestrous phenomena of the
rat and their susceptibility to light and dark.
Kgl. Danske Videnskab. Selskab Biol. Medd. 13:1-61.

207.

Hershenson, H. M. 1966. Ultraviolet and Visible Ab
sorption Spectra. Academic, New York.

208.

Hill, M. and A. S. Parkes.
1933. Studies on the
hypophysectomized ferret; responses of the female
ferret to additional lumination during anoestrus.
Proc. Roy. Soc. (London) B 113:537-40.

209.

Hillarp, N. A. 1949. Studies on the localization of
hypothalamic centres controlling the gonadotropic
functions of the hypophysis. Acta Endocrinol. 2:11.

1951. Photoperiodicity in the female
J. Exper. Biol. 28:1-12.

The
J. Comp.

210 . Hoffman, R. A. and R. J. Reiter.
1965. Influence of
compensatory mechanisms and the pineal gland on
dark-induced gonadal atrophy in male hamsters.
Nature (London) 207:658.
211

.

__________ and _________ . 1965. Pineal gland; influence
on gonads of male hamsters. Science 148:1609-11.

21 2 .

Hollwich, F. 1964. The influence of light via the
eyes in animals and men. pp. 105-131 in H. E.
Whipple, ed. Photoneuroendocrine Effects in Circadian
Systems. Ann. N. Y. Acad. Sci. vol. 117, article 1.

213.

__________ an S. Tilgner.
1961. Experimentelle
untersuchingen uber den photosexuellen reflex beider
ente. Ophthamo1oq ia 142:572-576.

214.

Ifft, J. D. 1962. Effects of pinealectomy, a pineal
extract and pineal grafts on light-ind ced prolonged
estrus in rats. Endocrinol. 71:181-3.

93

215.

Ingle, D. J. and J. Q. Griffith.
1962. Surgery of the
Rat. Chapter 16, pp. 435-38 in E. J. Farris and
J. Q. Griffith, eds. The Rat in Laboratory Investi
gation. Hafner, New York.

216.

Ishisu, T. 1966. The effects of exposure to light on
the body. II. Effects of exposure to colored
light. Mie Medical Journal (Japan) 15:121-28.

217.

Jackson, C. M. 1913. Postnatal growth and variability
of the body and of the various organs in the albino
rat. Amer. J. Anat. 15:1-68.

218.

Jacquez, J. A . , H. F. Kuppenheim and J. M. Dimitroff.
1955. Spectral reflectance of human skin in the
region 235-700 mu. J. Appl. Physiol. 8:212-14.

219.

Jefferson, J. M. 1940. A study of the subcortical
connections of the optic tract system of the ferret,
with special reference to gonadal activation by
retinal stimulation. J. Anat. 75:106-33.

220 . Jochle, W.
1956. Uber den Einfluss des Lichtes auf
Sexual-wicklung und Sexualperiodik bei Saugern.
Endokrinol. 33:129.
221 . __________ . 1956. Uber die Wirkung eines Epiphysenestraktes auf Sexualentwicklung und Sexualcycles
junger weiblicher Ratten unter normalen
Haltungsbedungen und bei Dauerbeleuchtung. Endo
krinol. 33:287-95.
222 . __________ . 1963. Unwelteinflusse auf neuroendokrine
Regulationen: Wirkungen langfristiger, permanenter
Beleuchtung auf jugendliche und erwachsene Ratten.
Zentralblatt fur Veterinarmedizin Reine A 10:
653-706.

223.

__________ • 1964. Trends in photophysiologic concepts.
pp. 88-104 in Photoneuroendocrine Effects in
Circadian Systems. Ann. N. Y. Acad. Sci. vol. 117,
article 1 .

224.

Kaiser, I. H. 1967. Effect of a 28-hour day on ovula
tion and reproduction in mice. Amer. J. Obstet.
Gyn. 99:772-84.
“ ------

225.

Kanematsu, S. and C. H. Sawyer. 1963. Effects of hypo
thalamic estrogen implants on pituitary LH and
prolactin in rabbits. Amer. J. Physiol. 205:1073.

226.

Kanematsu, S. and C. H. Sawyer. 1964. Effects of hypo
thalamic and hypophyseal estrogen implants on
pituitary and plasma LH in ovariectomized rabbits.
Endocrin. 75:579-85.

94

227.

Kappers, J. A. 1964. A survey of the innervation of
the pineal organ in vertebrates. Amer. Zoologist
4:47-51.

228.

__________ and J. P. Schade. Structure and function of
epiphysis cerebri. vol. 10 of Prog. Brain Res.

229.

Karakashian, M. W. and J. W. Hastings.
1963. The
effects of inhibitors of macromolecular synthesis
upon the persistent rhythm of luminescence in
Gonyaulax. J. Gen. Physiol. 47:1.

230.

Kastin, A. S. and A. V. Schally. 1967. Autoregula
tion of release of melanocyte-stimulating hormone
from the rat pituitary. Nature (London) 213:1238.

231.

Kelly, D. E. and S. W. Smith.
1963. Photoreceptive
fine structure of the pineal organs of the adult
Rana pipiens. Anat. Rec. 145:248.

232.

Kennedy, D. 1960. Neural photoreception in a lamellibranch mollusc. .J. Gen. Phvsiol. 44:277-99.

233.

__________ . 1963. Physiology of photoreceptor neurons
in the abdominal nerve cord of the crayfish. J^.
Gen. Physiol. 46:551-72.

234.

Kent, G. C., P. M. Ridgeway and E. F. Strobel.
1968.
Continual light and constant estrus in hamsters.
Endocrinol. 82:699.

235.

Kirkpatrick, C. M. 1955. Factors in photoperiodism of
Bobwhite quail. Physiol. Zool. 28:255-64.

236.

Kitay, J. I. and M. D. Altschule.
1954.
Gland. Harvard Univ., Cambridge.

237.

Kleitman, N. 1961. Physiological cycling in Psycho
physical Aspects of Space Flight, ed. B. E.
Flaherty, Columbia Univ., New York.

238.

Kling, A., S. Finer and V. Nair. 1965. Effects of
early handling and light stimulation on the acetylcholineesterase activity in the developing rat
brain. Intern. J. Neuropharmacol. 4:353-7.

239.

Knoche, H. 1960. Neue Befunde uber die Existenz einer
retinohypothalamishen Bahn. Anat. Anz. 106/107
Supp.:212.

240.

Konig, J. R. and R. A. Klippel. 1963. The Rat Brain:
A Stereotaxic Atlas of the Forebrain and Lower
Parts of the Brain Stem. Williams and Wilkins,
Baltimore.

The Pineal

95

241.

Kordon, I. C. and D. Bachrach.
1959. Influence des
lesions hypothalamiques sur la fonction genital sur
le ratte. Compt. Rend. Acad. Sci. 248:3 01.

242.

Kreig, W. J. S. 1932. The hypothalamus of the albino
rat. J. Comp. Neurol. 55:19.

243.

Latimer, P. 1958. Absorption spectra of suspensions as
compared to that of solutions. Science 127:29.

244.

__________ and C. A. H. Eubanks. 1962. Absorption
spectrophotometry of turbid suspensions; a method
of correcting for large systematic distortions.
Arch. Biochem. Biophys. 98:274-285.

245.

__________ and E. Rabinowitch. 1956. Selective
scattering of light by pigment-containing plant
cells. J. Chem. Phys. 24:480-85.

246.

Lauber, J. K . , J. E. Boyd and J. Axelrod. 1968.
Enzymatic synthesis of melatonin in avian pineal
body; extra-retinal response to light. Science 161:
489-91.

247.

Lawton, I. E. and N. B. Schwartz.
1965. Pituitary LH
content in rats exposed to continuous illumination.
Endocrinol. 77:1140-42.

248.

__________ and ___________ . 1967. Pituitary-ovarian
function in rats exposed to constant light: a
chronological study. Endocrinol. 81:497-602.

249.

__________ and ___________ . 1968. A circadian rhythm
of LH secretion in ovariectomized rats. Amer. J.
Physiol. 214:213-7.

250.

__________ and C. H. Sawyer.
1968. Timing of gonado
tropin and ovarian steroid secretion at diestrus
in the rat. Endocrinol. 82:831-6.

251.

Lees, A. D. 1959. Photoperiodism in insects and mites,
pp. 585-600 in R. B. Withrow, ed. Photoperiodism.
Amer. Assn. Adv. Sci., Washington.

252.

__________ . 1959. The role of photoperiod and tempera
ture in the determination of parthogenetic and
sexual forms of the aphid Megoura viciae Buckton.
J- Ins. Physiol. 3:92-117.

253.

__________ . 1960. Some aspects of animal photoperiodism.
pp. 261-2 77 in Cold Spring Harbor Symposium on
Quantitative Biology, vol. 25 "Biological Clocks."
The Biological Laboratory, Cold Spring Harbor, N. Y.

96

254.

LeGrand, Y.
York.

195 7.

Light. Color and Vision.

Wiley, New

255.

Lerner, A. B., J. D. Case and Y. Takahashi. 1960.
Isolation of melatonin and 5-methyxyindoles-3 acetic
acid from bovine pineal glands. J. Biol. Chem.
235:1992 .

256.

Lincoln, D. W. and B. A. Cross. 1967. Effect of
oestrogen on responsiveness of neurones in hypo
thalamus, septum and preoptic area of rats with
light-induced persistent estrus. J. Endocrinol. 3 7:
191-203.

257.

Lisk, R. D. and L. R. Kannwischer. 1964. Light, evi
dence for its direct effect on hypothalamic neurons.
Science 146:272-3.

258.

Lockard, R. B. 1965. Some methodological factors about
light in animal research. Percept. Mot. Skills.
21:575-79.

259.

__________ . 1966. Several tests of stimu1us-change and
preference theory in relation to light-controlled
behavior of rats. J. Comp. Physiol. Psych. 62:415-26.

260.

Logan, R. E. 1954. Influences of environmental lighting
conditions on the estrous cycle of the rat. Ph.D.
thesis, Northwestern Univ. Piss. Abstr. 14:1781.

261.

Lofts, B. 1954. Evidence of an autonomous reproductive
rhythm in an equatorial bird. Nature 201:523.

262 .

Long, J. A. and H. M. Evans.
1922. The Oestrous Cycle
in the Rat and its Associated Phenomena. Univ. of
Calif. Memoirs, vol. 6 , 148 p.

263 .

Luce-Clausen, E. M. and E. F. Brown. 1939. The use of
isolated radiation in ocperiments with the rat. J.
Nutrition 18:551.

264.

Lyman, C. P. 1943. Control of coat color in the varying
hare, Lepus americanus. Bull. Mus. Comp. Zool.
Harvard. 93:394-461.

265.

Maekawa. K. 1959. Vaginal estrus during gestation and
lactation in persistent estrus rats. Ann. Zool.
Jap. 32:185.

266.

Mandl, A. M. and S. Zuckerman,
1952. Factors influencing
the onset of puberty in albino rats. J. Endocrinol.
8:357-64.
“

97

267.

Marburg, O. 1942. On the primary endings of the optic
nerve in man and animals. Arch. Ophthamol. 28:61-78.

268.

Marie, D. K . , E. Matsuyama and C. W. Lloyd.
1965.
Gonadotropin content of pituitaries of rats in con
stant estrus produced by continuous illumination.
Endocrinol. 77:529.

269.

Marshall, A. J. 1960. Annual periodicity in the repro
duction and migration and birds, pp. 499-506 in
Cold Spring Harbor Symposium on Quantitative Biology,
vol. 25.
"Biological Clocks".

270.

__________ and D. L. Serventy.
1959. Experimental
demonstration of an internal rhythm of reproduction
in a transequatorial migrant (the Short-tailed
Shearwater, Puffinis tenuirostris). Nature
(London) 187:1704.

271.

Marshall, F. H. A. 1937. On the changeover in the
oestrous cycle in animals after transference across
the equator. Proc. Roy. Soc. B 122:413-28.

2 72.

__________ . 1940. Experimental modification of oestrous
cycles in the ferret by different intensities of
light irradiation. J. Exper. Biol. 17:139.

273.

__________ and F. P. Bowden.
1934. Effect of irradia
tion with different wavelengths on the oestrus cycles
of the ferret. J. Exper. Biol. 11:409-22.

274.

__________ and _________ . 1936. The further effects of
irradiation on the oestrous cycles of the ferret.
J. Exper. Biol. 3:383-86.

275.

Marshall, W. A. 1963. The effect of altering the size
of the palpebral fissure on the induction of oestrus
by light in normal ferrets and in ferrets after
removal of both superior cervical ganglia. J.
Physiol. (London) 165:27-28.

276.

__________ and A. P. D. Thomson. 1957. Effect of in
creased intensities of light on the rate of
appearance of light-induced estrus in notmal ferrets
and in ferrets after the removal of both superior
cervical ganglia of the cervical sympathetic chain.
J. Anat. 91:600.

277.

Martinet, L. 1963. Etablissement de la spermatogenese
chez le campagnol aes champs (Microtus arvalis) en
fonction de la dur^e quotidienne d'€clairement.
Ann. Biol. Anim. Biochim. Biophys. 3:343-52.

/

/

^

98
2 78.

Mason. H. S., D. J. E. Ingrain and B. Allen.
1960.
The free radical property of melanins. Arch. Biochem. Biophys. 86:227-32.

279.

Massopust, L. C. Jr., and H. J. Daigle.
1961. Hypo
thalamic and anteroventral mesencephalic photic
responses in the cat. Exper.Neurol. 3:476.

280.

Matsuyama, E., J. Weisz and C. W. Lloyd.
1966. Gonado
tropin content of pituitary glands of testosteronesterilized rats. Endocrinol. 79:261-67.

281.

Mauleon, P. and J. Rougeout. 1962. Regulation des
saisons sexuelles chez des brebis de races
differentes au moyen de divers rhythms lumineux.
Ann. Bio. Anim. Biochem. Biophys. 2:209-22.

282.

Menaker, M. 1968. Photoreception, rhythms and repro
duction; the cyclic biology of the house sparrow,
in Proc. of the Fifth International Conference of
Photobiology. Hanover, N. H.

283.

Migeon, C. J. £t a_l. 1956. A diurnal variation in
plasma levels and urinary excretion of 17-hydroxy
steroids in normal subjects, night workers and
blind subjects. J. Clin. Endocrinol. Metab. 16:
622-33.

284.

Miller, W. H. and M. L. Wolbarsht.
1962. Neural
activity in the parietal eye of the lizard. Science
135:316-17.

285.

Millott, N. 1957. Animal photosensitivity, with
special reference to eyeless forms. Endeavor 16:
19-28.

286.

Moore, R. Y., A. Heller, R. J. Wurtman and J. Axelrod.
1967. Visual pathway mediating pineal response to
environmental light. Science 155:221-26.

287.

______ , ______ , ______ , ______ , and R. K. Bhatnage.
1968. Central control of the pineal gland: visual
pathways. Arch. Neurol. 18:200-18.

288.

Moszkowska, A. 1^64. Quelques arguments en faveur de
la specificite zoologique de l'activite antigonadotrope de l'ipiphyse. Ann. Endo (duppl) 25:
79-85.
---Motta, M., F. Fraschini and L. Martini.
1967. Endocrine
effects of the pineal gland and of melatonin. Proc.
Soc. Exper. Biol. Med. 126:431.

289.

290.

Negro-Vilar, A., E. Dickerman and J. Meites.
1968.
F .S.H.-Releasing factor activity in plasma of rats
after hypophysectomy and continuous light. Endo
crinol. 82:939.----------------------------- ----

99

291.

. 1968. Effects of continuous
light on hypothalamic FSH-RF and pituitary ESH
levels in rats. Proc. Soc. Exper. Biol. Med. 12 7:

292.

Nemeth, G., F. Uresch, G. Fodar and L. Lang. 1961.
Chemical character of the pigments in a new
nitrogen-fixing microorganism. Nature 191:1413-14.

293.

Northcote, T. G. 1958. Effect of photoperiodism on
response of juvenile trout to water currents.
Nature 181:1283-84.

294.

Obika, M. and J. T. Bagnara.
1963. Photic influences
on Xenopus melanophores in tissue culture. Amer.
Zoologist 3:495.

295.

Oksche, A., D. Laws and D. S. Farner. 1958.
photoperiod and neurosecretion in birds.
Rec. 130:433.

296.

Ortavant, R. and C. Thibault.
1956. Influence* la
duree d* Cclairement sur les productions spermatiques
du Belier. Compt. Rend. Soc. Biol. 150:358.

297.

__________ , P. Mauleon and C. Thibault.
1964. Photoperiodic control of gonadal and hypophyseal
activity in domestic animals, pp. 157-93 in Photoneuroendocrine Effects in Circadian Systems. Ann.
N. Y. Acad. Sci. vol. 117, art. 1.

298.

Ott, John. 1968. Effects of environmental lighting on
sexual functions in white rats. in Proceedings of
Fifth International Congress on Photobiology.
Hanover, N. H.

299.

Paris, 0. H. and C. E. Jenner.
1959. Photoperiodic
control of diapause in the pitcher plant midge,
Metriocnemus knabi. pp. 601-624. in R. B. Withrow,
ed. Photoperiodism. Amer. Assn. Adv. Sci., Washington

300.

Pearson, O. P. and R. K. Enders. 1944. Duration of
pregnancy in certain mustelids. J. Exper. Zool.
95:21-35.

301.

Pekary, A. E., J. M. Davidson, and B. ZQndek. 1967.
"Failure to demonstrate a role of midbrain-hypothala
mic afferents in reproductive processes." Endocrinol
80:365-68.

302.

Pelletier, J. and R. Ortavant.
1964. Influence de la
duree d'£clairement sur la teneur en hormones
gonadotropes de hypophyses de belier. Ann. Biol.
Anira. Biochim. Biophys. 4:1-17.

The daily
Anat.

100

303.

Piacsek, B. E. and J. Meites. 1966. Stimulation by
continuous light of gonadotropic function in trans
planted pituitaries of hypophysectomized rats.
Fed. Proc. 25:191.

304.

Pittendrigh, C. S. 1960. Circadian rhythms and the
circadian organization of living systems, pp. 15984 in Cold Spring Harbor Symp. Quant. Biol, vol. 25.
"Biological Clocks."

305.

__________ . 1961. On temporal organization in living
systems. Harvey Lectures. Ser. 56:93.

306.

__________ and D. H. Minis.
1964. The entrainment of
circadian oscillations by light and their role as
photoperiodic clocks. Amer. Naturalist 98:261.

307.

Polyak, S. 1957. The Vertebrate Visual System.
Chicago Press, Chicago.

308.

Pomerat, G. R. 1942. Cell changes in the pituitary
and ovary of the white rat following exposure to
constant light or darkness. Anat. Rec. 82:531-41.

309.

Prosser, C. L. 1934. Action potentials in the nervous
system of the crayfish. J. Cell. Comp. Physiol. 4:
363-77.

310.

Quay, W. B. 1956. Volumetric and cytologic variation
in the pineal body of Peromyscus leucopus with
respect to sex, captivity and day length. J.
Morph. 98:471-95.

311.

__________ . 1962. Metabolic and cytological evidence
of pineal inhibition by continuous light. Amer.
Zoologist 2:550.

312.

__________ . 1963. Circadian rhythm in rat pineal
serotonin and its modification by estrous cycle and
photoperiod. Gen. Comp. Endo. 3:473-80.

313.

__________ . 1964. Circadian and estrous rhythms in
pineal melatonin and 5-hydroxy-3-indole acetic acid.
Proc. Soc. Exper. Biol. Med. 115:710-13.

314.

__________ and A. Halevy.
1962. Experimental modifica
tion of the rat pineal's content of serotonin and
related amines. Physiol. Zool. 35:1-7.

315.

Radio Corporation of America. Handbook of Phototubes and
Photocells. Technical Manual PT-60. R.C.A.,
Lancaster, Pa.

Univ.

101

316.

Ralph, C. L. and D. C. Dawson.
1968. Failure of the
pineal body of two species of birds to show electri
cal responses to illumination. Experientia 24:147-8.

317.

Ramirez, V. D. and C. H. Sawyer. 1965. Fluctuations in
hypothalamic LH-RF during the rat estrous cycle.
Endocrinol. 76:282-9.

318.

Reiter, R. J. 1967. Effects of pineal grafts,
pinealectomy, and denervation of the pineal gland
on the reproductive organs of male hamsters.
Neuroendocrinol. 2:138-46.

319.

__________ . 1968. Morphological studies on the repro
ductive organs of blinded male hamsters and the
effects of jinealectomy or superior cervical
ganglionectomy. Anat. Rec. 160:13-23.

320.

__________ . 1968. Changes in the reproductive organs
of cold-exposed and light-deprived female hamsters
(Mesocricetus auratus). J. Reprod. Fertil. 16:
217-22.

321.

__________ , R. A. Hoffman, and R. J, Hester.
1966.
The effects of thiourea, photoperiod and the pineal
gland on the thyroid, adrenal and reproductive
organs of female hamsters. J. Exper. Zool. 162:263-8.

322.

__________ , _________ , and P. H. Rubin. 1968. Pineal
gland; influence on gonads of male rats treated with
androgen three days after birth. Science 160:420-21.

323.

_________ and R. J. Hester. 1966. Interrelationships
of the pineal gland, the superior cervical ganglia
and the photoperiod in the regulation of the endo
crine systems of hamsters. Endocrinol. 79:1168-70.

324.

Relkin, R. 1967. Pineal function:
darkness and sexual maturation.
213:999-1002.

325.

__________ • 1968. Combined effects of hypothalamic
lesioning and light in the advancement of puberty
(rat). Endocrinol. 82:865.

326.

__________ . 1968. Critical time in pineal priming.
Endocrinol. 82:1249-50.

327.

Ringoen, A. R. 1942. Effects of continuous green or
red light on the gonadal response in the English
Sparrow Passer domesticus. Amer. £. Anat. 71:99-116.

328.

Rodewald, W. 1935. Die wirkung des Lichtes auf die
Hypophyse von Rana temporaria. L. Zeitschr. vergl.
Physiol. 21:767-800.

relation to absolute
Amer. J. Physiol.
” -- ----

102

329.

Roth, W. D. 1964. Comments on J. A. Kappers 1 review
and observations on pineal activity. Amer.
Zoologist 4:53-57.

330.

_________ , R. J. Wurtman and M. D. Altschule.
1962.
Morphologic changes in the pineal parenchyma of rats
exposed to continuous light or darkness. Endocrinol.
71:888-92.

331.

Rowan, W. 1925. The relation of light to bird migra
tion and developmental changes. Nature (London) 155:
494-5.

332.

Rudnick, D. ed. 195 7. Rhythmic and Synthetic Processes
in Growth. Princeton Univ., Princeton, N. J.

333.

Sawyer, C. H., J W. Everett and J. E. Markee.
1949. A
neural factor in the mechanism by which estrogen
induces the release of LH in the rat. Endocrinol.
44:218-33.

334.

Sayler, A. and A. Wolfson.
1967. Avian pineal gland:
progonadotropic response in the Japanese quail.
Science 158:1478-79.

335.

Schafer, 0. 1964. Sensitivity to the spectrum and ab
solute threshold of the color change in blinded
minnows Phoxinus phoxinus. Biol. Zentralbl. 83:47-66.

336.

Scharrer, E. 1928. Die Lichtempfindlichkeit Elritzen:
I. Untersuchunger. uber das Zwischenhirn des Fische.
Z. Vergl. Physiol. 7:1-38.

337.

__________ . 1962. Electron microscopy of neurosecretory
cells in the preoptic nucleus of the toadfish.
Qpsanus tau. Biol. Bull. 123:461-2.

338.

Schildmacher, H. 1963. Photoperiod effects and bright
ness perception of some species of birds. Biol.
Zentralbl. 82:31-44.

339.

Schwartz, N. B. 1964. Acute effects of ovariectomy on
pituitary LH, uterine weight and vaginal cornification. Amer. jJ. Physiol. 207:251.

340.

341.

and D. Bartosik. 1962. Changes in pituitary
LH content during the rat estrous cycle. Endocrinol.
71:756.
---------Schwartz, N. B. and D. Calderelli.
1965. Plasma LH in
cyclic female rats. Proc. Soc. Exper. Biol. Med.
119:16.

103

342.

Schweiger, H. G. and E. Schweiger.
1965. The role of
the nucleus in a cytoplasmic diurnal rhythm, pp.
195-198. in J. Aschoff, ed., Circadian Clocks.
North-HoHand, Amsterdam.

343 .

Segal, S. J. and D. C. Johnson.
1959. Inductive in
fluence of steroid hormones in the neural system:
ovulation-controlling mechanisms. Arch Anat.
Microscop Morphol. Exptl. 48:261.

344.

Seliger, H. H. 1962. Direct action of light in
naturally pigmented muscle fibers. J. Gen. Physiol.
46:333.

345.

. 1965. The Physical and Biological Action
of Light. Academic, New York.

346.

Singh, K. B. and G. S. Greenwald. 1967. Effects of
continuous light on the reproductive cycle of the
female rat: induction of ovulation and pituitary
gonadotropins during persistent estrus. J. Endocrinol.
38:389-94.

347.

Smith, E. K. and J. M. Davidson. 1968. Role of estro
gen in the cerebral control of puberty in female
rats. Endocrinol. 82:100.

348.

Smith, 0. J. and R. L . Langston. 1953. Continuous
laboratory propagation of the Western grape-leaf
skeletonizer and parasites by prevention of diapause.
J. Econ. Entomol. 46:477-84.

349.

Snyder, S. H . , J. Axelrod, J. E. Fischer and R. J.
Wurtman. 1964. Neural and photic regulation of
5-hydroxy tryptophane decarboxylase in the rat
pineal gland. Nature (London) 203:981-2.

350.

__________ ,
and R. J. Wurtman. 1965. Control
of 5-hydroxytrypophane decarboxylase activity in the
rat pineal gland by sympathetic nerves. J. Pharmacol.
Exper. Ther. 147:371-5.

351.

__________ ,
, and M. Zweig. 1967. Circadian
rhythm in the serotonin content of the rat pineal:
regulating factors. J. Pharmacol. Exper. Ther. 158:
206-13.

352.

__________ , M. Zweig, J. Axelrod and J.E. Fischer. 1965.
Control of the circadian rhythm in serotonin content
of the rat pineal gland. Proc. Nat. Acad. Sci. 53:
301.
Sollberger, A. 1964. The control of circadian glycogen
rhythms, pp. 519-554 in Photoneuroendocrine Effects
in Circadian Systems. Ann. N. Y. Acad. Sci. vol.
117, art. 1.

353.

104

354.

_________ . 1965.
Amsterdam.

Biological Rhythm Research.

355.

Sorrentino, S. 1968. Antigonadotropic effects of
melatonin in intact and unilaterally ovariectomized
rats. Anat. Rec. 160:432.

356.

Steven, D. M. 1963.
Rev. 38:204-240.

357.

Strumwasser, F. 1965. The demonstration of a circadian
rhythm in a single neuron, pp. 442-62 in J. Aschoff,
ed. Circadian Clocks. North-Holland, Amsterdam.

358.

Taleisnik, S. and S. M. McCann. 1961. Effects of
hypothalamic lesions on the secretion and storage
of hypophysial luteinizing hormone. Endocrinol.
68:263.

359.

Thieblot, L. and S. Blaise. 1963. Influence de la
glande pineale sur les gonades. Ann d'Endocrinol.
24:270-86.

360.

Thibault, C. e_tal. 1966. Regulation of breeding
season and estrous cycles by light and external
stimuli in some mammals. J. Anim. Sci. 25 (Suppl.):
119-142.

361.

Thomson, A. P. D. 1951. Relation of retinal stimula
tion to oestrus in the ferret. J. Physiol. 3:425.

362.

Thomson, A. P. D. 1954. Onset of oestrus in normal and
blinded ferrets. Proc. Roy. Soc. (London) B 142:
126-35.

363.

Thorpe, D. H. 1967. Basic parameters in the reactions
of ferrets to light. 5 3-70 in G. E. W. Wohlstenholme,
ed. The Effects of External Stimuli on Reproduction.
CIBA Foundation Study Group No. 26, Little-Brown,
Boston.

364.

Truscott, B. L. 1944. Physiological factors in hypo
physial-gonadal interaction 1. Light and the folli
cular mechanism of the rat. J. Exper. Zool. 95:291.

365.

Van Brunt, E. E., M. D. Shepard, J. R. Wall, W. F.
Ganong, and M. T. Clegg. 1964. Penetration of
light into the brain of mammals, pp. 217-27 in
Photoneuroendocrine Effects in Circadian Systems.
Ann. N. Y. Acad. Sci. vol. 117, art. 1.

366.

Van Dyke, D. C . , M. E. Simpson, S. Lepovsky, A. A.
Koneff and J. R. Brobeck.
1957. Hypothalamiccontrol of pituitary function and corpus luteum
formation in the rat. Proc. Soc. Exper. Biol. Med.
---- --- — e—
---- ----95:!.

The dermal light sense.

Elsevier,

Biol.

105.

367.

Von Frisch, K. 1911. Beitrage zur Physiologie der
Pigmentzellern in der Fisch haut. Pfluger's Arch.
ges. Physiol. 138:319-87.

368.

Waddill, D. G., C. H. Chaney and R. H. Dutt.
1968.
Ovulation rates in gilts after short-time exposure
to continuous light. J. Reprod. Fertil. 15:12 3-5.

369.

Wagner, J. W. 1968. Luteinization of ovarian trans
plants in gonadectomized, PMS-primed immature male
rats. Endocrinol. 83:479-84.

370.

Walls, G. L. 1963. The Vertebrate Eye and its Adaptive
Radiation. Hafner, New York.

371.

Weisz, J. and C. W. Lloyd.
1965. Estrogen and androgen
production in vitro from 7^H progesterone fcy normal
and polycystic rats ovaries. Endocrinol. 77:735-44.

372.

Whitaker, W. L. 1936. Photoperiodism and breeding in
Peromyscus leucopus noveboracensis. Proc. Soc. Exper.
Biol. Med. 34:329-330.

3 73.

Williams, C. M. 1963. Control of pupal diapause by the
direct action of light on the insect brain. Science
140:386.

374.

Wilson, W. O. 1964. Photocontrol of oviposition in
gallinaceous birds, pp. 194-200 in Photo neuroendo
crine Effects in Circadian Systems. Ann. N. Y. Acad.
Sci. vol. 117, art. 1.

375.

Winget, C. M. , W. O. Wilson and L. Z. McFarland. 1967.
Response of certain diencephalic, pituitary and
plasma enzymes to light in Gallus domesticus. Comp.
Biochem. Physiol. 22:141-7.

376.

Wishart, J. 1936.
of covariance.

377.

Wolfson, A. 1959. Role of light and darkness in regula
tion of spring migration and reproductive cycles in
birds, pp. 679-716 in R. B. Withrow, ed. Photo
periodism . Amer. Assn. Adv. Sci., Washington.

378.

__________ • 1960. Regulation of annual periodicity in
the migration and reproduction of birds, pp. 507514 in Cold Spring Harbor Symposium on Quant. Biol,
vo1. 25, Biological Clocks.

379.

__________ and H. Kobayashi.
1962. Phosphatase activity
and neurosecretion in the hypothalamo-hypophyseal
system in relation to the photoperiodic gonadal re
sponse in Zonotrichia albicollis. Gen. Comp. Endocrinol. (Suppi.J 1:168^77;
------

Tests of significance in the analysis
J. Roy. Stat. Soc. 3:79-82.

106

380.

Woodward, A. E., J. A. Moore and W. O. Wilson.
1969.
Effect of wavelength of light on growth and repro
duction in Japanese quail (Coturnix coturnix japonica).
Poultry Sci. 48:118-23.

381.

Worden, A. N. and W. Lane-petter. 1957. The U .F .A .W .
Handbook on the Care and Management of Laboratory
Animals. 2nd ed. U.F.A.W., Cormier, England.

382.

Wurtman, R. J. and J. Axelrod. 1965. Formation,
metabolism and physiological effects of melatonin
in mammals. Prog. Brain Res. 10:520-29.

383.

__________ ,
, and E. W. Chu. 1963. Melatonin,
a pineal substance: effect on the rat ovary.
Science 141:277-8.

384.

______ , ______ , ______ . 1964. The relation between
melatonin, a pineal substance and the effects of
light on the rat gonad, pp. 228-30 in Photoneuroendocrine Effects in Circadian Systems. Ann. N. Y.
Acad. Sci. vol. 117, art. 1.

385.

______ , ______ , ______ and J. E. Fischer.
1964. Media
tion of some effects on the rat estrous cycle by
the sympathetic nervous system. Endocrinol. 75:266.

386.

______ , ______ , ______ ,_______ . 1965. Changes in the
enzymatic synthesis of melatonin in pineal during
the estrous cycle. Endocrinol. 76:798-800.

387.

Wurtman, R. J., J. Axelrod and J. E. Fischer.
1964.
Melatonin synthesis in the pineal gland: the effect
of light mediated by the sympathetic nervous system.
Science 143:1328-9.

388.

__________, ___________ ,E. W. Chu, A. Heller, and R.
Moore. 1967. Medial forebraiin bundle lesions:
blockade of effects of light on rat gonads and
pineal. Endocrinol. 81:509.

389.

__________ ,
, and I. E. Phillips. 1963.
Melatonin synthesis in the pineal gland: control by
light. Science 142:1071-73.

390.

391.

Y.

.
, and L. T. Potter.
1964. The
uptake of H 3 melatonin in endocrine and nervous
tissues and the effects of constant light exposure.
J. Pharmacol. Exper. Ther. 143:314-18.
__________ ,
, G. Sedvall and R. Y. Moore.
1967. Photic and neural control of the 24-hour
norepinephrine rhythm in the rat pineal gland. J.
Pharmacol. Exper. Ther. 157:487-92.

107
392.

_________ , W. D. Roth, M. D. Altschule and J. J.
Wurtman.
1961. Interactions of the pineal and
exposure to constant light on organ weights of
female rats. Acta Endo. 36:617-24.

393.

Wragg, L. E., C. K. Machado and S. H. Snyder.
1967.
Anterior chamber pineal transplants; their metabolic
activity and independence of environmental lighting.
Life Sci. 6:31-8.

394.

Zarrow, M. X. , and J. H. Clark. 1968. Ovulation
following vaginal stimulation in a spontaneous
ovulator and its implications. J. Endocrinol. 40:
343-50.

395.

Zweig, M., S. H. Snyder and J. Axelrod.
1966. Evidence
for a non-retinal pathway of light to the pineal
gland of newborn rats. Proc. Nat. Acad. Sci. 56:
515-20.

APPENDIX

109
ANALYSES OF VARIANCE:

BODY WEIGHT

2
200 microwatts/cm ; 8 weeks
Source of variation
Treatment
Error
Total

df

1
27
28

SS
1335
14647

MS
1335
542

F
2.46 n.s.

15982

2
200 microwatts/cm ; 30 weeks
Source of variation
Treatment
Error
Total

31
32

SS
3733
22310
26043

MS
3733
719

df
4
39
43

SS
3702
8838
12540

MS
925
267

df

SS
5093
22561

MS
1273
382

df

1

F
5.18 ★

2
100 microwatts/cm ; 4 weeks
Source of variation
Treatment
Error
Total

F
3.46 *

2
100 microwatts/cm ; 8 weeks
Source of variation
Treatment
Error
Total

4
59
63

F
3.36 *

27654

2
100 microwatts/cm ; 15 weeks
Source of variation
Treatment
Error
Total

df
4
73
77

SS
17780
38097
55877

n.s.

Not significant

*
**
***

significant at .025 or .05 level
significant at .01 level
significant at .005 level

MS
4445
552

F
8.5 ***

110

ANALYSES OF VARIANCE:

SMEARS

7

200 microwatts/cm'; 0 weeks
Source of variation
Treatment
Error
Total

df

1
71
72

SS
11058
16893
27951

MS
11058
241.8

F
46 ***

200 microwatts/cm 2 ; 30 weeks
Source of variation

df

Treatment
Error

31

Total

1

SS

MS
9620
170

32

9620
5282
14902

Source of variation
Treatment
Error

df
4
77

SS
7842
18896

MS
1960
245

Total

81

26738

Source of variation
Treatment
Error

df
4
45

Total

49

SS
21560
13698
35258

F
56 ***

2
100 microwatts/cm ; 8 weeks
F
3 ***

2

100 microwatts/cm ; 15 weeks
MS
5390
304

F
J7

Raw proportions were transformed according to the arc sine per
centage transformation; tests among transformed means were made
using Duncan's multipie-range test.
n.s.
*

Not significant
significant at .025 or .05 level

**
***

significant at.01 level
significant at .005 level

Ill
ANALYSES OF VARIANCE:

200 microwatts/cm

INTROITUS

2
df

Source of variation
Treatment
Error

1

Total

2

100 microwatts/cm :

SS
87
1514

71
72

1601

df
3
52
55

SS
36
712
748

df
5

SS

F

MS
87
21.3

4.14 *

1964

Source of variation
Treatment
Error
Total

2

100 microwatts/cm :

F

MS

12
13.7

.8 n.s.

1968

Source of variation
Treatment
Error

122

Total

127

MS
31
12.7

153
1550
1703

ANALYSES OF COVARIANCE:

F
2.38 *

OVARIAN WEIGHT

2
100 microwatts/cm ; 15 weeks
Source of
Variation

df

Total
Treatment
Error

77

55748

5925

4
73

17650
38098

2962
2963

Sums of products
xx
xy
yy

Adjusted
MS

SS

2 7188
15487

76

26559

11701

72

11471

159

4

15088

3772

Adjusted treatment
n.s.

Not significant

*
**

significant at .025 or .05 level
significant at .01 level

***

significant at .005

level

df

F

22***

112
ANALYSES OF COVARIANCE: OVARIAN WEIGHT

2
200 microwatts/cm ; 8 weeks
Source of
Variation

df

Total
Treatment

28

Error

27

Sums of products
xy
yy

XX

1

15982
1335
14647

7978
3398
4580

15502
8627

6875
Adjusted treatment

df

Adj usted
MS
SS

27

11619

26

1

5443 209
6276 62 76

df

Adjusted
MS
SS

F

30***

200 microwatts/cmi2 ; 30 'weeks
Source of
Variation

df

Total
Treatment

32

Error

31

Sums of products
xy
yy

XX

1

25983
3672
22310

4013
4340

8219
5129
-326
3090
Adjusted treatment

31

7599

30

3085

101

1

4514 4514

df

Adjusted
MS
SS

F

45***

2
100 microwatts/cm; ; 4 weeks
Source of
variation

df

Total
Treatment
Error

43
4
39

Sums of products
XX
xy
yy
12540
5209
5759
1329
3702
529
8838
3880
5230
Adjusted treatment

42

3595

38
4

3526
69

93
17

F

.18 n

100 microwatts/cm 2 ; 8 weeks
Source of
variation

df

Total
Treatment
Error

63
4
59

Sums of products
xy
yy

XX

25651
3089
22562

13148
9564
3585

25294
2924

22370
Adjusted treatment

n.s.

Not significant

*
**
***

significant at .025 or .05 level
significant at.01 level
significant at .005 level

df

Adjusted
SS
MS

62

18553

58
4

21800
3247

F

376 2.1 n.i
812

